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I  polyacecylene  by  chird  .harmonic  generation  in  third  films.  The  measured  susceptibility 
(3<*>  a  L*  +  «-  +  (-)a4x  jq-10  esu  which  is  comparable  to  the  magnitude  of  the  large 
nonlinear  susceptibilities  measured  in  the  polydiacetylenes. 

During  the  course  of  this  work  we  reported  on  33x  compression  of  100  ps  mode-locked  Kr4 
laser  pulses  at  647.1  am  by  using  a  riber-granting-pair  compressor.  Pulses  with 
very  low  wings  have  been  achieved  by  making  use  of  the  nonlinear  birefringence  effect 
leading  to  an  intensity  dependent  state  of  polarization.  The  discrimination  of  the 
wings  took  place  in  the  grating  compressor  which  acted  as  a  polarizer. 

Finally,  we  reported  on  frequency  doubling  of  the  647.1  nm  line  from  a  mode-locked  Kr+ 
laser  in  a  single-mode  fiber  with  pure  Ge-doped  core.  The  harmonic  Light  at  323.5  nm 
builds  up  after  about  20  minutes  of  laser  irradiation  at  647.1  nm.  Peak  powers  as  low 
600W  were  sufficient  to  prepare  the  fibers  for  second-harmonic  generation. 
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The  purpose  of  this  program  was  to  investigate  the  variety  of  laser  induced 

optical  processes  in  multiple  quantum  well  and  other  nonlinear  waveguide 
materials.  These  studies  combined  both  theory  and  experiment.  During  the 
course  of  this  work  we  demonstrated  the  first  optically  pumped  mode-locked 
A lo.3Gao.7As/Ga As  multiple  quantum  well  (MQW)  laser  in  external  cavity.  The 
MQW  structure  with  a  total  thickness  of  5  nm  was  grown  by  molecular  beam 
epitaxy  on  a  Si— doped  GaAs  substrate  and  was  synchronously  pumped  by  a 
mode-locked  Kr+  laser  (82  MGz)  at  647.1  nm.  The  MQW  laser  emitted  10  ps 
pulses  at  8085*  with  peak  powers  as  high  as  6W.  The  demonstrated  MQW  laser 
combines  desirable  properties  of  quantum  wells  with  advantages  of  an  external 
cavity,  such  as  specific  band-gap  design  with  high  beam  quality  and  the 

possibility  of  intracavity  tailoring  of  the  laser  beam.  We  also  demonstrated 
the  first  mode-locked  Si -doped  bulk  GaAs  laser  tunable  over  a  300*  range. 
Several  experiments  to  measure  the  third  order  nonlinear  optical  susceptibility 
of  MQW  and  other  novel  nonlinear  materials  were  successfully  completed.  In 
particular,  we  reported  the  first  measurement  of  the  third  order  nonlinear 
optical  susceptibility  of  trans-polvacctvlcnc  by  third  harmonic  generation  in 

thin  films.  The  measured  susceptibility  is  (3«  =  w  +  u>  +  w)s:4x  10-*® 

esu  which  is  comparable  to  the  magnitude  of  the  large  nonlinear  susceptibilities 

measured  in  the  polydiacetylenes. 

During  the  course  of  this  work  we  reported  on  33x  compression  of  100  ps 

mode-locked  Kr+  laser  pulses  at  647.1  nm  by  using  a  fiber-granting-pair 
compressor.  Pulses  with  very  low  wings  have  been  achieved  by  making  use  of 

the  nonlinear  birefringence  effect  leading  to  an  intensity  dependent  state  of 
polarization.  The  discrimination  of  the  wings  took  place  in  the  grating 
compressor  which  acted  as  a  polarizer. 

Finally,  we  reported  on  frequency  doubling  of  the  647.1  nm  line  from  a  mode- 

locked  Kr  +  laser  in  a  single-mode  fiber  with  pure  Ge-doped  core.  The 

harmonic  light  at  323.5  nm  builds  up  after  about  20  minutes  of  laser  irradiation 
at  647.1  nm.  Peak  powers  as  low  as  600W  were  sufficient  to  prepare  the 
fibers  for  second -harmonic  generation. 
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Since  the  demonstration  of  optically  pumped  semiconductor  lasers  with  external 

1-4 

cavity  throughout  the  visible  and  near  infrared  with  desirable  properties 

such  as  tunability,  high  beam  quality  and  generation  of  short  pulses  in 

mode-locked  operation,  it  became  very  attractive  to  apply  these  techniques  to 

multiple -quantum -well  (MQW)  structures.  The  optical  properties  of 

5—8 

A  l^Ga  j  As/GaAs  MQW  structures  have  been  studied  extensively  showing 

very  strong  exciton  fluorescence  and  the  multiple  sub  bands  in  the  GaAs  wells 

due  to  the  quantum  confinement  of  electrons  and  holes.  For  many  different 

well  sizes  and  MQW  structures  made  by  different  production  techniques,  lasing 

between  the  cleaved  edges  has  been  achieved  by  transverse  pumping^-^4.  The 

main  advantage  of  superlattices  over  other  optically  pumped  semiconductor 

samples  is  the  possibility  to  use  their  very  sharp  resonances  to  shift  the  lasing 

wavelength  from  the  fundamental  band  edge  of  GaAs.  Hence,  by  choosing  the 

width  of  the  GaAs  wells  and  the  aluminum  content  of  the  barriers,  these  lasers 

14 

can  be  specifically  designed  and  optimized  to  certain  wavelength  regions. 

During  the  course  of  this  work  we  reported  the  first  synchronously  pumped 
mode-locked  MQW  laser  with  external  cavity  combining  the  quantum  well 
properties  of  laser  wavelength  design  with  attractive  features  such  as  high 
output  powers,  high  beam  quality  and  pulses  as  short  as  10  ps.  Furthermore, 
our  setup  provides  the  possibility  of  various  modifications  of  the  laser  by 
putting  additional  optical  elements  into  the  cavity. 

The  multiple  quantum  well  structure  used  in  this  experiment  was  grown  by 
molecular  beam  epitaxy  (MBE)  on  Si-doped  <I00>  GaAs  substrates.  The 
substrate  preparation  and  growth  of  the  superlattice  is  made  by  using  standard 
procedures  described  elsewhere^- 

The  epitaxial  layers  consist  of  0.5  mm  GaAs  buffer,  a  50QA  Al^Ga^As  etch 
stop  layer  and  a  superlattice  of  250  periods  of  100A  GaAs  and  100  A 
Al^Ga^^As.  In  contrast  to  all  other  reported  optically  pumped  MQW  lasers, 
in  our  experiment  the  superlattice  is  pumped  longitudinally.  The  absorption 


length  of  the  647.1  nm  pump  light  is  about  0.5  pm  at  77K  in  the  GaAs  wells 

7  8 

and  1.0  in  the  AlQ^Ga07  As  barriers  ’.  Hence,  to  provide  a  sufficient 

gain  length  the  total  MQW  layer  thickness  should  exceed  2  pi m.  Taking  into 

account  additional  facts  such  as  possible  saturation  which  increases  the 

absorption  length  at  the  high  pump  intensities  needed  to  get  the  MQW  laser 

over  threshold  and  to  provide  enough  material  for  sufficient  heatflow  from  the 
pumped  spot  to  the  heatsink,  we  decided  for  a  total  MQW  thickness  of  5  pm. 

The  carriers  generated  in  the  barriers  by  absorbing  pump  light  also  contribute 
to  the  laser  process  because  they  diffuse  to  the  wells  with  a  velocity^  in  the 

order  of  10  cm/s  where  they  can  form  excitons. 

A  large  MQW  sample  was  cut  into  pieces  and  some  of  them  were  mounted  with 

a  transparent  cyanoacrylate  adhesive  on  a  high  reflective  sapphire  mirror  with 

dielectric  coating.  Sapphire  was  used  because  of  its  high  heat  conductivity  at 

low  temperatures  and  the  thickness  of  the  glue  film  was  below  5  pm  keeping 

this  heatflow  barrier  very  small.  Other  pieces  were  coated  with  a  2000*  gold 

film  on  the  MQW  side  acting  as  a  high  reflective  mirror  (R=0.94  at  800  nm)  of 

the  external  cavity.  These  samples  were  glued  on  an  uncoated  sapphire 

substrate.  After  polishing  the  GaAs  substrate  down  to  50  pm  a  couple  of 

circles  with  about  1  mm  diameter  were  defined  photolithographically.  The 

substrate  within  these  circles  was  then  removed  bv  selectively  etching  it 

down  to  the  etch  stop  layer  which  is  practically  transparent  to  the  pump  and 

MQW  laser  light.  Instead  of  removing  the  whole  substrate,  the  described 

sample  with  holes  provided  the  possibility  to  either  pump  the  MQW  or  the 

Si-doped  GaAs  substrate,  whose  lasing  characteristics  have  been  published 
,4 

recently. 

The  sapphire  mirror  with  the  MQW  sample  was  attached  to  a  copper  coldfinger 
and  cooling  was  provided  by  liquid  nitrogen.  The  dewar  with 

antireflection -coated  windows  was  mounted  on  a  translation  stage,  making  it 
possible  to  find  those  spots  on  the  sample  giving  the  highest  output  powers 

and  shortest  pulses  as  well  as  shifting  from  the  MQW  laser  to  the  GaAs  laser. 
A  lOx  microscope  objective  (Leitz)  was  used  to  focus  the  pump  beam  onto  the 
sample  and  to  collect  the  fluorescence  light.  An  estimation  of  the  lasing  spot 
diameter  of  3.5  was  possible  by  measuring  the  diameter  of  the  holes  burnt 


raw 


into  the  samples.  The  90  percent  transmission  of  the  objective  at  the  laser 
wavelength  is  fairly  low  for  intracavity  use,  but  from  earlier  work-*  it  seems 
that  low  spherical  aberration  is  more  important  than  highest  transmission. 

As  a  pump  source  a  mode-locked  Krl+  laser  was  used,  emitting  100  ps  pulses 
at  647.1  nm.  Because  of  the  150  nm  spacing  between  the  pump  laser  and  MQW 
laser,  it  was  possible  to  pump  the  MQW  laser  through  its  90  percent  output 
coupler  and  use  a  dichroic  beamsplitter  to  separate  the  two  beams  as 
illustrated  in  Figure  1.  The  laser  and  fluorescence  spectrum  of  the  MQW  was 
measured  with  a  l/2m  monochromator  (Jarrell -Ash)  having  a  resolution  of 
0.5A.  The  temporal  width  of  the  pulses  was  measured  by  means  of 
background -free  autocorrelation.  Since  autocorrelation  is  most  efficient  with 
linearily  polarized  beams,  a  Brewster -plate  was  inserted  into  the  cavity. 
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Stable  average  output  power  as  high  as  5  mW  has  been  obtained  from  the 
MQW  laser  with  10  percent  output  coupling  and  55  mW  pump  power.  The 
threshold  is  around  20  mW,  however,  it  can  vary  slightly  depending  on  the 

quality  of  the  lasing  spot.  The  laser  power  first  increases  linearly  with  pump 
power  until  it  reaches  approximately  3x  the  threshold.  For  pump  powers 
higher  than  60  mW  a  sharp  decrease  of  the  MQW  laser  power  occurs  which  is 
most  likely  due  to  local  heating,  enhancing  the  nonradiative  decay  of  excitons. 
An  increase  of  the  pump  power  from  50  mW  to  70  mW  and  then  decreasing 
back  to  50  mW  resulted  in  about  the  same  output  power,  proving  that  the 

observed  power  decrease  was  not  caused  by  permanent  damage  to  the  MQW 
layer.  Using  the  gold  coated  samples,  the  highest  achievable  average  power 
was  3.5  mW  and  the  threshold  was  25  -  30  mW.  Scanning  the  pump  beam  over 

the  MQW  layer  resulted  in  small  changes  of  the  laser  output  indicating  a  fairly 
good  uniformity  of  the  samples. 

Figure  2  shows  (a)  the  MQW  laser  spectrum  and  (b)  the  fluorescence  spectrum. 
Due  to  the  100A  wells  three  distinct  free  exciton  transitions  can  be  seen  in 
(b):  at  8110*,  at  7870*  and  very  weakly  at  7650*.  The  peak  at  8320*  is  most 

likely  a  bound  exciton  transition.16  These  results  are  similar  to  those  obtained 
in  Ref.  10  for  high  pump  intensities,  however,  they  can  not  be  compared 

directly  because  of  the  different  MQW  structures  used  Lasing  occurs  at  8060* 
and  a  second  weak  line  appears  at  8300*.  The  240*  spacing  between  these 
lines  is  consistent  with  the  free  spectral  range  (FSR)  of  the  Fabry  Perot 
formed  by  the  5  mm  MQW  layer.  In  contrast  to  the  10*  mode  spacing  of  the 

4 

GaAs-laser  ,  the  FSR  of  the  thin  MQW  layer  is  large  enough  to  achieve 
single-line  operation  by  cavity  alignment  only.  On  the  longer  wavelength  side 
of  the  main  laserline  a  second  small  peak  appears  23.5*  apart.  The  appearance 

of  one  or  two  additional  lines,  either  about  25*  or  36*  separated  from  the 

main  line,  was  strongly  dependent  on  the  pumped  spot.  Furthermore,  the 

actual  laser  wavelength  itself  could  shift  from  spot  to  spot  giving  strong 
evidence  for  well  size  fluctuations.  However,  since  3  well  size  variation  of 
about  3  monolayers  of  GaAs  for  100*  wells  can  explain  the  observed  lincs^’^ 
their  relative  weakness  indicates  the  high  quality  of  the  250  periods  of  the 
MQW  structure  used.  The  obtained  results  are  also  in  good  agreement  with 
recently  published  photoluminescence  studies^  which  showed  a  similar 
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sensitivity  of  exciion  transitions  on  well  size  fluctuations.  A  better  single  line 
operation  and  more  reproducible  laser  wavelength  at  a  given  sample 
temperature  should  be  obtainable  by  using  200*  wells  because  the  relative 
shift  of  the  energy  levels  of  the  electrons  is  less  sensitive  to  well  size 
variations^  and  only  half  as  many  wells  are  involved. 


Figure  2.  Laser  Spectrum  fa)  Fluorescence  Spectrum  fb) 


An  additional  effect  on  the  lasing  wavelength  was  caused  by  the  pump  beam. 
Increasing  the  pump  power  by  50  mW  resulted  in  a  red  shift  of  the  laser 
wavelength  of  35*  indicating  a  severe  local  heating  of  the  pumped  spot. 
Furthermore,  the  line  broadened  by  about  a  factor  of  2.7  and  additional  lines 
appeared  at  pump  powers  higher  than  40  mW.  To  determine  the  possible 
temperature  tuning  range  we  deliberately  let  the  dewar  warm  up  and  observed 
a  shift  of  the  laser  wavelength  up  to  8460*.  A  measurement  of  the 
temperature  was  not  possible  in  this  experiment  because  no  sensor  could  be 
mounted  in  the  dewar  used.  Together  with  the  results  reported  on  the  Si-doped 
GaAs  laser  our  setup  provides  a  potential  tuning  range  from  8060*  to  8650*. 


The  temporal  pulsewidth  has  been  measured  by  background -free  autocorrelation. 
From  the  shape  of  the  autocorrelation  trace  shown  in  Figure  3  we  conclude 


that  single-sided  exponential  pulses  are  produced  by  the  MQW  laser  whe 
tuned  to  the  shortest  pulses,  which  is  in  agreement  with  similar  result 
obtained  with  dye  lasers. From  the  20  ps  width  of  the  autocorrelation  trad 
the  calculated  pulse  width  of  the  MQW  laser  is  10  ps.  Together  with 
spectral  width  of  3*,  the  resulting  time -bandwidth  product  is  1.37.  The  pea 
power  can  easily  be  determined  from  the  average  power  by  multiplication  wit 
the  inverse  dutycycle  of  1200,  given  by  the  repetition  rate  and  pulse  widtl 
Hence,  with  5  mW  average  power,  the  maximum  achievable  peak  power  of  ou 


laser  is  6W. 
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Figure  3.  Autocorrelation  Trace 


This  work  was  the  first  demonstration  of  synchronously  pumped  mode-locke 
operation  of  a  multiple -quantum -well  structure  in  external  cavity.  Th 
achieved  high  output  powers  are  very  promising  to  achieve  similar  results  wit 
other  MQW  structures  such  as  Ga0.47ln0.53As/Al0.48In0.52  as  in  which  lasic 
already  has  been  reported  with  cleaved  facets  at  1.55  mm.l^  Furthermore,  tt 
external  cavity  provides  the  possibility  of  further  optical  intracavity  studies  < 


various  MQW  structures.  The  strong  sensitivity  of  the  wavelength  on  the  lasing 
spot  can  be  avoided  by  using  thicker  well  sizes.  However,  the  emitted 
wavelength  would  also  shift  to  longer  wavelength.  On  the  other  hand  one  can 
take  advantage  of  the  well  size  sensitivity  by  producing  wells  with  steadily 
increasing  size  of  a  few  monolayer  which  should  give  a  very  broad 
fluorescence  spectrum.  By  using  a  birefringent  filter  in  the  cavity,  a  fairly 
large  tuning  range  at  one  temperature  can  be  expected. 


Strong  and  readily  saturable  MQW  cxcitonic  emission  has  been  observed  at 
room  temperature,^  therefore,  lasing  in  an  external  cavity  without  the  need 
for  cryogenic  temperatures  should  be  possible  by  resonant  pumping  close  to  the 
bandgap.  Pumping  with  a  commercially  available  diode  laser  at  room 

temperature  can  then  lead  to  an  integrated  device  having  major  applications 
in  a  variety  of  ultra  high  speed  optical  signal  processing  technologies. 
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As  a  consequence  of  the  coulomb  interaction  of  electron -hole  pairs  in 
semiconductors,  discrete  exciton  resonances  are  created.  Their  coupling  to  the 
light  field  leads  to  the  concept  of  the  polariton,  a  mixed  exciton -photon  state. 
We  have  measured  a  cw  absorption  spectrum  of  the  GaAs  samples,  taken  with 
broadband  excitation  (tungsten  lamp)  and  0.1-meV  resolution  (see  Figure  1(a)); 
the  n  =  l  and  n=2  exciton  resonances  are  well  resolved.  The  energetic  position 
of  the  transverse  exciton,  E  =  1.5 151  ev,  is  also  indicated.  Figure  1(b)  shows  the 
predicted  delay  near  the  n  =  l  exciton -polariton  resonance  in  the  single -exciton 
oscillator  model  (1),  using  the  values  E  =  1.5 15 1  eV,  Elt=®-^  nteV  (longitudinal - 
transverse  splitting),  =  0.6mo  (heavy  exciton  mass),  and  =  2.6 

(background  dielectric  constant),  known  from  resonant  Brillouin  scattering 
experiments.  The  temporal  delay  for  pulse  propagation  on  the  exciton  like 
lower  polariton  branch  for  energies  Kjo  >  Er  +  Elt  is  omitted  because  its 
contribution  to  the  energy  transport  is  negligible.  The  dashed  line  in  Figure 
1(b)  indicates  that,  in  the  corresponding  energy  region,  the  influence  of  the  n 
=  2  exciton  polariton  can  no  longer  be  neglected. 

Polariton  dispersion  has  recently  been  examined  in  a  number  of  excitonic 
systems.  Because  of  the  finite  effective  mass  of  the  exciton  in  semiconductors, 

two  bulk  modes  (upper-  and  lower-branch  polaritons)  can  propagate  in  the 
medium  when  the  incident  photon  energy  is  higher  than  the  longitudinal 

exciton  energy  (El).  Then  the  number  of  the  upper-  and  lower-branch 
polaritons  created  at  the  surface  of  the  crystal  must  be  determined  by  the 
Maxwell  boundary  conditions  and  the  additional  boundary  conditions  (ABC)  (2- 

6).  Some  experimental  methods  for  the  determination  of  the  ABC,  such  as 
reflection  and  resonant  Brillouin  scattering,  have  been  proposed  and  carried 
out.  Unfortunately,  reflection  spectra  are  usually  very  sensitive  to  the 
character  of  surface  layers  (4,7,8)  which  may  exist  on  the  sample.  As  a  result, 
reflection  measurement  is  not  a  very  sensitive  probe  of  the  ABC.  Recently, 
Brillouin  scattering  efficiency  was  measured  in  CdS  and  compared  with  some 

theoretical  models  (9).  A  modification  of  the  model  proposed  independently  by 
several  groups  (10,11,12)  gave  results  in  quantitative  agreement  with  the 
experiment. 
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Figure  4. 


The  optical  pumping  of  the  MQW  structure  leads  to  the  screening  of  the 

excitons  due  to  free  carriers  (created  by  optical  pumping)  wither  directly  by 
interband  excitation  or  indirectly  by  thermal  ionization  of  optically  created 
excitons.  As  the  excitons  are  screened,  the  absorption  resonances  should 
saturate,  broaden,  shift,  which,  in  turn,  will  give  rise  to  changes  in  absorption 

and,  consequently,  refractive  index.  With  the  coupling  of  the  exciton  to 

photon  and  the  concept  of  polariton,  the  relative  numbers  of  upper-  and 

lower-branch  polaritons  can  be  determined  in  MQW  materials  directly  by 

measuring  their  picosecond  induced  absorption.  The  dispersion  of  the  excitonic 
polariton  and  the  excitonic  molecule  in  MQW  can  be  measured.  With  the 

optical  excitation  of  the  polariton  band,  the  induced  absorption  from  the 
polariton  to  the  excitonic  molecule  should  be  observable.  If  the  incident 

photon  energy  is  higher  than  the  longitudinal  exciton  energy  (El),  then  two 

induced -absorption  lines  should  appear  at  different  photon  energies,  because  of 
the  dispersion  of  the  excitonic  molecule.  From  this  induced  absorption,  the 
relative  numbers  of  the  polaritons  of  different  branches  can  be  determined. 
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Optical  pumping  of  semiconductors  has  the  advantage  over  diode  and  dye  lasers 
in  that  virtually  any  direct -band -gap  semiconductor  can  be  used,  thereby 
increasing  the  available  spectral  range.  Recently  mode-locked  laser  action  in 
external  cavity  of  synchronously  pumped  semiconductor  materials  like  CdS, 
CdSe,  InGaAsP  and  HgCdTe  has  been  demonstrated  in  the  wavelength  range  of 
0.49  fim  to  2  ^  Mode-locked  lasing  of  thick  GaAs  bulk  crystals  has  also 

been  observed  using  a  two-photon  synchronous  pumping  configuration.^  These 
lasers  have  advantages  over  dye  lasers  because  of  the  lack  of  dye  instability  in 
the  infrared  and  in  addition  no  jet  fluctuations  are  present,  eliminating  a  very 
strong  source  of  noise,  and  they  can  be  operated  completely  in  vacuum. 
Furthermore,  the  spontaneous  spectrum  is  narrower  than  those  of  dyes, 
allowing  a  stabilized  single-frequency  laser  to  operate  with  fewer  wavelength 
selective  elements,  while  tuning  can  be  done  by  varying  the  temperature. 
However,  the  wavelength  range  spanning  from  0.49  -  2  fim  is  not  yet  covered 
completely  by  mode-locked  semiconductor  lasers  due  to  the  lack  of  available 
high  quality  semiconductor  materials  in  platelet  form  of  any  desired 
composition. 

During  the  course  of  this  work  we  reported  the  development  of  a  cw 
mode-locked  GaAs  semiconductor  platelet  laser  whose  output  frequency  and 
power  characteristics  provide  an  attractive  tunable  source  in  the  near  infrared. 
The  laser  reported  here  has  the  advantage  of  high  beam  quality  and  high 
output  powers  compared  with  other  semiconductor  lasers  operating  in  the  800  - 
900  nm  spectral  ranged 


Figure  5  illustrates  the  experimental  setup.  A  mode-locked  Kr+  laser  was  used 
as  pump  laser  emitting  100  ps  pulses  at  647.1  nm  with  a  repetition  rate  of  82 
MHz  and  a  peak  power  of  144  W.  The  pump  beam  passed:  1)  a  telescope  to 
compensate  for  chromatic  aberration  of  the  microscope  objective,  2)  a  variable 
attenuator,  3)  a  dichroic  beamsplitter  to  separate  the  GaAs  laser  beam  from 
the  pump  beam  and  4)  the  output  coupler  of  the  G3.4s  laser  before  it  was 
focused  onto  the  GaAs  substrate  with  a  10X  microscope  objective  (Leitz).  The 
pump  powers  given  in  the  following  are  always  measured  in  front  of  the 


objective  taking  into  account  all  losses  and  the  maximum  average  pump  power 
was  300  m W. 


Figure  5.  Experimental  Setup 

The  GaAs  platelets  with  a  thickness  of  100  were  mounted  onto  a  high 

reflecting  sapphire  mirror  with  a  thin  film  of  silicon  oil.  The  GaAs  was  doped 

with  Si  and  of  a  high  optical  quality,  used  as  substrate  to  grow  Multiple 
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Quantum  Well  (MQW)  superlattices  on  it.  ’  The  results  reported  in  this  letter 
have  been  taken  with  a  sample  having  a  1  fim  MQW  layer  on  its  backside. 

However,  we  verified  spectroscopically  that  the  influence  of  the  MQW  on  the 
GaAs  laser  is  negligible  because  ail  pump  light  is  absorbed  in  the  substrate 
before  it  could  reach  the  MQW  layer  and  the  fluorescence  light  is  absorbed  by 
the  MQW  only  below  8300*. 

The  high  reflecting  mirror  with  the  attached  GaAs  platelets  was  mounted  on  a 
copper  coldfinger  of  a  liquid  nitrogen  dewar.  The  dewar  itself  was  sitting  on 
a  translation  stage  for  the  purpose  of  alignment  and  shifting  the  pumped  spot 
over  the  sample.  The  windows  of  the  dewar  were  coated  with  a  broadband 
antireflective  (AR)  coating  for  the  GaAs  laser  and  pump  laser.  Output 


couplers  of  R  =  0.90  and  R  =  0.97  were  used  for  our  measurements  and  no 
tuning  or  polarizing  elements  were  inserted  into  the  cavity.  The  GaAs  laser 
output  was  analyzed  by  a  l/2m  Jarrell  Ash  monochromator  and  the  pulse  width 
was  measured  with  an  autocorrelator.  For  the  temperature  tuning  of  the  laser, 
the  dielectric  coated  sapphire  mirror  with  the  platelets  was  mounted  in  a 
cryogenic  microminiature  refrigeration  system  (MMR  —Technologies  K2205)  which 
provided  the  opportunity  to  set  the  temperature  between  77K  and  300K. 

Figure  6  shows  (A)  the  fluorescence  spectrum  and  (B)  the  laser  spectrum.  The 
fluorescence  has  always  been  measured  with  the  output  coupler  removed  and  is 
characterized  by  Fabry  Perot  modes  due  to  the  platelet  thickness  of  about  100 
Mm  and  the  30  percent  reflectivity  at  each  surface  of  the  substrate.  With  the 
R  =  0.90  output  coupler  an  average  laser  output  of  up  to  5  mW  could  be 
achieved.  The  laser  spectrum  (B)  usually  showed  about  7  modes,  depending  on 
the  excited  spot  and  alignment  of  the  cavity.  The  linewidth  of  each  mode  is 
1.5A  (FWHM)  and  lasing  occurred  always  at  the  maximum  or,  due  to  a  lower 
reabsorption,  on  the  red  side  of  the  fluorescence  spectrum.  We  observed  that 
the  actual  laser  wavelength  was  not  only  dependent  on  the  temperature  of  the 
whole  sample  but  also  on  the  lasing  spot  itself.  Since  lasing  occurs  either  on  a 
free  or  bound  exciton  transition,  the  non  uniform  concentration  of  impurities 
in  the  GaAs  sample  leads  to  a  wavelength  shift  by  moving  from  one  spot  to 
another.  Furthermore,  the  platelet  acts  as  an  intracavity  Fabry  Perot  etalon, 
tuning  the  laser  to  its  maximum  transmission. 
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Figure  6.  Fluoi 

Figure  7  shows  spectra  of:  (A)  GaAs  substrate  pumped  through  the  MQW  layer 

when  lasing,  (B)  the  according  fluorescence  spectrum,  (C)  GaAs  substrate  with 
MQW  structure  facing  the  high  reflective  mirror,  and  (D)  GaAs  substrate  with 
removed  MQW  (selective  etching).  Trace  (B)  shows  a  strong  maximum  at  7950* 
due  to  a  strong  fluorescence  from  the  MQW  layer.  Lasing  did  not  occur 

around  this  maximum  as  one  might  expect  but  at  835QA  which  is  the  same 

wavelength  as  when  pumped  through  the  substrate  side  (compare  Figure  6). 
Two  reasons  can  explain  this  result:  1)  The  luminescence  radiation  produced 

within  the  MQW  layer  has  to  penetrate  the  substrate  before  it  is  reflected  at 

the  back  mirror  and  light  below  8200*  is  reabsorbed  by  the  GaAs  substrate,  2) 
the  gain  in  the  MQW  layer  is  not  high  enough  to  get  the  laser  over  threshold 

within  the  layer  thickness  of  1  ^m.  Pumping  a  GaAs  sample  with  the  MQW 

structures  removed  resulted  in  spectrum  (D)  without  the  rapid  fluorescence 

decrease  below  8300*,  which  is  most  likely  caused  by  reabsorption  in  the  MQW 
layer  on  the  backside  of  the  GaAs  platelet  [figure  2(A)  and  3(C)).  However, 
no  lasing  spot  could  be  found  on  this  specific  sample. 
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With  the  R  =  0.90  output  coupler,  average  powers  as  high  as  5  mW  could  be 
achieved  with  a  pump  power  of  300  mW.  The  power  conversion  efficiency  is 
about  1  percent  between  1  mW  and  5  mW  with  a  R  =  0.90  output  coupler  and 
0.4  percent  when  a  R  =  0.97  mirror  was  used.  The  threshold  pump  power  was 
around  120  mW  for  the  90  percent  output  couplers  and  80  mW  for  the  97 
percent  mirror.  However,  a  precise  measurement  of  the  threshold  was  not 
possible  because  of  its  strong  dependence  on  the  pumped  spot.  Furthermore 
we  often  found  that  lasing  spots  were  isolated  on  the  sample  such  that  lasing 
happened  to  stop  after  shifting  the  sample  a  few  microns.  Despite  the 
relatively  low  efficiency  due  to  the  20  percent  intracavity  loss  of  the 
microscope  objective,  the  achieved  powers  are  much  higher  than  that  of  other 
optically  pumped  GaAs  lasers. Using  doublet  lenses  fMelles  Griot  06LAI] 
designed  and  AR  coated  for  work  with  diode  lasers  at  830  nm,  failed  to 
achieve  any  lasing,  indicating  that  a  well  corrected  optical  system  is  more 
important  than  using  lenses  with  minimum  transmission  loss.  However, 
microscope  objectives  specially  designed  for  intracavity  use  at  the  laser 
wavelength  should  result  in  much  higher  output  powers. 


The  pulsewidth  of  the  laser  was  determined  with  an  autocorrelator  to  be  18 
ps  (FWHM)  assuming  single-sided  exponential  pulses.  This  measurement 

correlates  with  the  obtained  spectral  data  of  the  laser  linewidth  of  1.5*, 
resulting  in  a  time -bandwidth  product  of  1.16.  Thus,  the  Fabry  Perot  etalon 
formed  by  the  GaAs  itself  reduces  the  laser  bandwidth  too  much  to  produce 
pulses  shorter  than  10  ps.  Using  AR  coated  platelets  which  removes  the 
etalon  effect  leads  to  an  increased  bandwidth  and  pulses  as  short  as  7  ps 
should  be  achievable. ^  Additionally,  single  mode  operation  as  well  as  fine 
wavelength  tuning  with  prisms  or  Lyot  filters  would  be  possible. 

Wavelength  tuning  between  8350  and  8650*  has  been  accomplished  by  a 
controlled  setting  of  the  temperature  between  77K  and  160K.  No  lasing 
occurred  at  temperatures  higher  than  160K.  The  observed  wavelength  shift  of 
about  3  */K  is  in  good  agreement  with11  but  about  twice  of  that  found  for  the 

CdS  lasers.1 

This  work  demonstrated  the  first  mode-locking  of  Si  doped  bulk  GaAs  platelets 
producing  18  ps  pulses  with  peak  powers  of  up  to  3.3W  AR  coating  of  the 

crystals  may  yield  a  larger  intracavity  bandwidth  and  thus  even  shorter  pulses. 
Furthermore,  using  GaAs  platelets  grown  by  liquid  phase  epitaxy  or  similar 
techniques,  having  greatly  reduced  impurity  concentration  compared  to  the 
substrates  used,  should  lead  to  a  better  controlled  laser  wavelength 
characteristic  and  cw  operation.  The  GaAs  laser  fills  a  gap  in  the  row  of 

synchronously  pumped  semiconductor  lasers  in  the  important  wavelength 
interval  between  800  nm  and  900  nm.  With  our  pumping  scheme  a  very  good 
beam  quality  could  be  achieved  which  is  one  of  the  great  advantages  over  all 
other  GaAs  lasers.  In  addition,  other  doped  semiconductor  materials  can  be 

used  for  extended  tunable  picosecond  pulse  generation  throughout  the  visible 


and  near  infrared. 
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Recently,  efficient  frequency  doubling  of  the  1.06  ^.m  radiation  from  mode- 


locked  neodymiumryttrium  aluminum  garnet  (Nd:YAG)  lasers  in  optical  fiber 

has  been  reported.  Since  second-order  effects  in  the  amorphous  core  o 

fibers  are  normally  forbidden,  it  was  necessary  to  prepare  the  fibers  fo 

efficient  second  harmonic  generation  (SHG).  They  had  to  be  irradiated  will 

high  power,  Q-swttched,  and  mode-locked  pulses  from  a  Nd:YAG  laser  for  ten 
of  hours  before  SHG  could  be  observed  with  mode-locked  pump  pulses  only. 

Using  532  nm  harmonic  seed  pulses  along  with  the  1.06  ^m  pump  light  resultei 

in  considerable  shortening  of  the  preparation  time  to  only  about  5  min. 
Experiments  with  different  fiber  dopants^uch  as  germanium  and  phosphor,  lei 

to  the  conclusion  that  phosphorus  a  major  participant  for  achieving  SHG  ii 
fibers.-*  Two  models  have  been  proposed  to  describe  efficient  SHG  in  optica 

fibers.  One  model"*  postulates  color  centers  as  the  source  of  the  enhancei 

second-order  nonlinear  susceptibility  generated  by  the  initially  weak  second- 

order  susceptibility.  The  pump  and  seeded  harmonic  frequency  then  mix  by 

third-order  nonlinear  process  to  form  a  dc  polarization  at  the  phase-matchin 
periodicity  which  orients  the  defects.  The  fiber  thus  organizes  itself  for  phas 

matching  and  the  permanently  written  periodic  nonlinearity  leads  to  efficien 
SHG  within  the  fiber.  A  recently  published  theoretical  article^  presents 

formalism  for  second  harmonic  and  sum  frequency  generation  in  fibers  givin 

estimates  for  the  conversion  efficiency  due  to  the  non-linear  polarization  a 
the  core -cladding  interface  and  the  bulk  nonlinear  polarization  includin 
quadrupolar  terms.  A  maximum  conversion  efficiency  of  about  10-^  i 
predicted  under  index -matching  conditions. 

During  the  course  of  this  program  we  reported  on  frequency  doubling  of  th 
647.1  nm  radiation  from  a  mode-locked  Kr+  laser  in  a  single-mode  fiber  with 
purely  Ge-doped  core.  In  contrast  to  the  preparation  processes  described  i 

Refs.  1-3,  we  observed  permanent  harmonic  generation  at  323.5  nm  after  abou 

20  min  of  laser  irradiation  with  peak  powers  of  720W  in  the  fiber.  After  th 
ultraviolet  (I’V)  light  started  to  build  up,  it  reached  iis  maximum  value  usuall 

within  1-3  min  with  an  average  power  level  on  the  order  of  1  /uW.  Th 

conversion  efficiency  is  on  the  order  of  10“^  which  is  very  low  compared  to 


maximum  of  5  percent  reported  for  the  Nd:YAG  laser  radiation.^ 

We  also  achieved  harmonic  generation  with  the  Kr+  laser  in  a  fiber  which  is 
single  mode  at  1.06  fim  and  bimodal  at  647.1  nm.  With  proper  input 
adjustment,  it  was  possible  to  excite  only  the  fundamental  mode  and  after 
40min,  harmonic  light  at  320.5  nm  was  observed.  Following  this  preparation 
process,  100  ps  mode -locked  1.06  pjn  pulses  from  a  Nd.YAG  laser  were  lanced 
into  the  fiber,  however,  even  with  average  powers  of  up  to  4  W,  SHG  could 
not  be  observed.  This  result  is  in  agreement  with  tuning  experiments  reported 
in  Ref.  4.  Before  further  discussing  SHG  in  fibers,  we  will  first  describe  the 
preparation  process  and  the  results  of  several  experiments. 

The  100  ps  pulses  at  647.  1  nm  from  a  mode-locked  Kr+  laser  first  passed  an 
acousto -optic  modulator  (AOM)  which  isolated  the  laser  from  backreflected 
light,  and  at  the  same  time,  served  as  a  variable  attenuator.  The  maximum 
average  power  after  the  AOM  was  820  mW  and  the  light  was  coupled  into  the 
fiber  with  a  20X  microscope  objective.  The  experiments  were  performed  with 
commercially  available  single-mode  fibers.  One  fiber  [Lightwave  Technology 
(LT)  F1506C]  had  a  7-12  percent  Ge-doped  silica  core  of  3.9  jun  diameter  and  a 
pure  silica  cladding.  A  cutoff  wavelength  of  580  nm.  an  attenuation  of  9.33 
dB/km  at  633  nm,  and  a  refractive  index  difference  of  AJ7=0.4-0.45  percent. 
The  single-mode  fiber  at  1.06  ^m  (Corning)  had  the  same  doping  specifications 
and  index  difference  but  a  5  j*m  core  diameter  and  a  cutoff  wavelength  of  0.95 
Mm. 

The  pump  and  harmonic  light  emitted  from  the  fiber  was  collected  by  means  of 
a  I0X  objective  with  85  percent  transmission  at  323.5  nm.  The  UV  radiation 
was  measured  with  a  photomultiplier  tube  (RCA  IP  23)  after  passing  several 
color  filters  to  suppress  the  remaining  pump  light.  The  transmitted  pump 
power  P0,  measured  after  the  10X  output  objective,  was  recorded  along  with 
the  produced  harmonic  light  and  was  used  as  a  measure  of  the  power  inside 
the  fiber  core. 

Figure  8  illustrates  the  time  dependence  of  the  preparation  process  for  (a)  a 
0.8-m-long  fiber  piece,  (b)  a  3-m  fiber  (both  F1506C),  and  (c)  a  3-m  fiber 


piece  from  Corning.  All  three  fibers  were  single  mode  at  the  pump 
wavelength.  The  upper  trace  shows  the  transmitted  pump  light  and  the  lower 
trace  the  harmonic  light  power.  After  some  tens  of  minutes  of  irradiation, 
harmonic  light  quickly  builds  up  and  reaches  a  first  maximum  within  1-3  min. 
The  power  of  the  UV  radiation  is  very  unstable  and  oscillates  strongly  within 
minutes.  These  fluctuations  are  not  caused  by  pump  light  variations  because 
they  are  not  evident  in  the  smooth  upper  trace  representing  the  transmitted 
pump  light.  Stopping  the  high  power  irradiation  at  a  maximum  of  the 

harmonic  power  and  then  producing  SHG  at  lower  pump  levels  of  about  20  mW 
resulted  only  in  slightly  decreased  LTV  intensity  fluctuations.  The  cause  of 
these  fluctuations  is  not  clear,  but  might  be  overcome  by  using  fibers  with 

additional  phosphor  doping  which  could  also  result  in  higher  conversion 

efficiencies.  For  fiber  pieces  longer  than  lm,  a  sharp  decrease  in  the 

transmitted  pump  light  was  always  observed  shortly  before  the  harmonic  light 
starts  to  build  up.  As  shown  in  Figure  8  (c),  this  drop  in  the  pump  light 

transmission  is  more  pronounced  in  the  fiber  with  a  smaller  core  size. 
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Figure  8. 


Although  a  sharp  decline  in  the  transmission  was  not  observed  when  shorter 
fiber  pieces  were  prepared,  the  transmission  decreased  slowly.  Usually  after 
about  one  hour  it  stabilized  at  levels  about  3050  percent  below  the  initial 
value.  The  described  transmission  decrease  had  already  been  observed  earlier, 
when  high  power  radiation  was  transmitted  through  60-m-long  fibers  in  pulse 
compression  experiments,^  and  was  then  attributed  to  color  center  generation. 

Figure  9  shows  the  dependence  of  the  required  irradiation  time  to  prepare 
fibers  for  the  second  harmonic  generation  versus  pump  power.  As  could  be 
expected,  the  irradiation  time  necessary  to  prepare  the  fiber  for  SHG  with 
lower  pump  powers  is  longer.  The  lowest  possible  average  power  for  a  fiber 
preparation  was  P0  =  450  mW  corresponding  to  a  peak  power  of  about  600W  in 
the  core.  At  average  powers  P0  below  400  raW,  harmonic  light  could  not  be 
produced  even  after  fore  than  3h  of  laser  irradiation.  The  scattering  of  the 
data  shown  in  Figure  9  indicates  strong  variations  of  the  initial  conditions  for 
the  preparation  process.  Using  seed  pulses  along  with  the  fundamental  should 
result  in  more  consistent  measurements  of  the  preparation  time  at  different 
power  levels. 
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Figure  9. 


By  placing  a  red  fitter  in  the  pump  beam,  thereby  suppressing  wavelengths 
below  600  nm,  we  could  exclude  the  possibility  of  blue  and  ultraviolet 
fluorescence  light  from  the  Kr  +  laser  acting  as  seed  light.  The  longer  time  it 
took  to  achieve  SHG  in  the  fibers  is  more  likely  due  to  the  tower  pump  power, 
as  indicated  in  Figure  9,  than  possible  seed  light  suppression.  Furthermore,  the 
20X  launch  objective  used  had  a  very  small  transmission  at  the  harmonic 
wavelength,  and  therefore,  experiments  with  a  KDP  crystal  in  the  pump  beam, 
producing  UV  seed  pulses,  were  not  successful. 

Spectral  measurements  showed  that  the  linewidth  of  the  harmonic  light  is  << 
0.5A,  which  was  the  resolution  limit  of  our  spectrometer.  A  quadratic 
dependence  of  the  harmonic  power  could  be  observed  at  average  pump  powers 
between  20  and  100  mW  in  the  fiber.  Due  to  strong  intensity  fluctuations,  this 
quadratic  dependence  was  not  as  apparent  at  higher  pump  powers.  Polarization 
measurements  basically  showed  the  same  results  as  described  in  Ref.  3. 
However,  preparation  of  the  fiber  with  circularly  polarized  pump  light  (PQ  ■ 
500  MW)  took  about  2h  and  only  low  harmonic  powers  could  be  achieved. 

In  order  to  find  the  optimum  fiber  length  to  produce  highest  harmonic  powers, 
we  prepared  3-4-m-long  fibers  and  cut  back  from  the  exit  end.  Due  to  the 
strong  fluctuations  of  the  harmonic  signal,  the  results  of  this  measurements 

were  very  scattered.  However,  we  consistently  found  that  highest  harmonic 

powers  were  generated  with  a  fiber  length  between  50  and  70  cm.  Lengths 
shorter  than  50  cm  always  resulted  in  a  decline  of  the  UV  signal.  This  result 
matches  with  the  walkoff  distance  estimated  for  a  100— ps  pump  pulse  and 
harmonic  pulse  of  the  same  length  using  formulas  and  constants  given  in  Ref. 
8. 

An  estimation  of  the  harmonic  power  can  be  made  by  using  the  absolute 

sensitivity  of  the  photomultiplier  which  has  been  determined  experimentally  to 
be  16  X  105  AzW  at  355  nm.  Knowing  the  transmission  of  the  filters  used, 
the  maximum  achieved  average  power  was  found  to  be  about  1  /xW.  Another 

indication  of  the  harmonic  power  achieved  with  fibers  can  be  obtained  by 
comparing  it  with  that  generated  in  a  crystal.  The  second  harmonic  power 
produced  in  a  1-mm  KDP  crystal  with  an  unfocused  Gaussian  beam  of  1.16  mm 


width  (FWHM)  was  approximately  a  factor  of  10  less  than  that  obtained  with  a 

fiber.  Furthermore,  with  about  600  mW  cw  pump  irradiation,  it  was  possible  to 
obtain  continuous  harmonic  light  with  an  already  irradiated  fiber  prepared  for 
SHG. 

Frequency  doubling  in  pure  Ge-doped  fibers  with  pump  peak  powers  as  low  as 
600W  at  647.1  nm  compared  to  20  kW  necessary  at  1.6  strongly  supports 

photoinduced  defect  or  color  center  generation  as  the  source  of  the  second- 

order  nonlinear  susceptibility.  Due  to  a  self -organizing  effect  in  the  fiber, 2,4 

phase  matching  is  provided  and  a  strong  harmonic  pulse  can  develop  in  the 

first  part  of  the  fiber.  Since  color  centers  or  defects  are  easier  to  produce 

with  shorter  wavelengths,  it  is  possible  that  they  are  not  only  generated  by 

the  pump  light  but  also  by  the  harmonic  pulse  within  the  length  of  fiber  in 
excess  of  the  walkoff  distance.  However,  a  further  self —organization  of 
defects  to  provide  phase  matching  in  that  part  of  the  fiber  cannot  be  assumed. 
Additionally,  a  whole  variety  of  defects  is  possible  in  optical  fibers^’^  and 

therefore,  different  types  of  defects  may  be  generated  by  either  the  pump  or 
harmonic  wavelength.  Hence,  rather  than  increasing  the  harmonic  power,  such 
d  elects  may  account  for  the  increased  attenuation  oi  the  pump  power  which 

has  always  been  observed. 

As  pointed  out  earlier,  it  was  not  possible  to  generate  harmonic  light  with  a 

mode-locked  Nd:YAG  laser  at  1.06  nm  in  a  single-mode  fiber  (@  1.06  jun) 

already  prepared  for  SHG  with  the  Kr+  laser.  We  also  tuned  the  Kr+  laser  to 
the  676.4  nm  line  and  launched  powers  up  to  300  mW  in  a  fiber  already 
prepared  for  SHG  but  could  not  detect  any  harmonic  light.  Both  results  show 

that  SHG  in  fibers  is  strongly  correlated  to  the  preparation  wavelength  and 
are  in  agreement  with  tuning  experiments  reported  in  Ref.  4.  The 
demonstrated  second  harmonic  generation  in  optical  fibers  with  relatively  low 

pump  peak  powers  in  the  visible  opens  the  possibility  of  generating  harmonic 
light  in  fibers  with  mode-locked  and  cavity -pumped  dye  lasers.  However, 
limits  would  be  imposed  by  the  UV  transmission  of  the  core  material  and  the 
relatively  short  walkoff  distance  for  ps  pulses. 


Under  this  program  we  demonstrated  second  harmonic  generation  tn  purely  Ge- 
doped  fibers  with  peak  powers  as  low  as  600W  at  647.1  nm.  The  low  power 

needed  for  the  fiber  preparation  at  this  wavelength,  compared  to  experiments 
performed  with  infrared  pulses,  gives  strong  evidence  of  color  center  or  defect 

generation  in  the  fiber  as  source  of  the  second-order  nonlinearity.  The 

negative  experimental  results  on  harmonic  generation  with  wavelengths  other 
than  that  used  to  prepare  the  fiber  for  SHG  are  in  agreement  with  a  model 

and  experiments  explaining  phase  matching  by  a  self-written  grating  inside  the 
fiber  core.  Our  experiments  offer  the  possibility  to  achieve  frequency  doubling 
in  fibers  with  dye  lasers.  With  a  UV  transmitting  20X  objective  and  harmonic 
seed  pulses,  even  shorter  preparation  times  and  lower  pump  powers  should  be 
possible.  Since  the  pump  wavelength  lies  conveniently  in  the  range  of  dye 
lasers,  high -resolution  tuning  experiments  can  be  performed. 
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Technology  F1506E)  having  a  fused  silica  core  of  3.6  nm  diameter.  The 
attenuation  of  the  fiber  at  633  nm  was  10.8  dB/km  and,  taking  into  account  all 
reflection  losses  as  well  as  a  typical  coupling  efficiency  of  2  75  percent,  the 
overall  transmission  was  52  percent.  at  this  point  we  would  like  to  emphasize 
the  importance  of  using  pure  silica  core  fibers  for  visible  light  instead  of  the 
more  easily  available  germanium  doped  core  fibers.  The  latter  did  not 
withstand  the  high  peak  powers  over  more  than  a  few  hours.  After  that  time 
we  observed  a  strong  increase  in  attenuation  which  previously  has  been 
attributed  to  the  generation  of  color  centers. 
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Figure  10. 


With  a  half-wave  plate  before  the  fiber,  the  orientation  of  the  linear  input 
polarization  could  be  rotated  with  respect  to  the  principal  axes  of  the  fiber. 

The  output  polarization  could  be  changed  by  means  of  a  quarter-wave  plate 

and  rotated  for  maximum  transmission  through  the  grating  compressor  with  an 

additional  half-wave  plate.  The  compressor  assembly,  consisting  of  two 
holographic  gratings  with  2400  1/mm,  was  used  in  double-pass  configuration 

producing  a  round  output  beam.  The  gratings  were  used  near  Littrow 

condition  with  44°  and  57°  for  the  incident  and  the  diffracted  beam, 

respectively.  The  reflectivity  for  the  s  and  p  polarization  was  Rs  =  0.65  and 
Rp  =  0.1  (p  polarization  is  parallel  to  the  grooves)  resulting  in  a  total  double¬ 
pass  transmission  through  the  grating  pair  of  Ts  =  0.18  and  a  negligible 

transmission  for  the  orthogonal  polarization.  For  compressed  pulses  of  high 

quality,  the  typical  transmission  of  the  total  fiber-grating-pair  compressor  was 
about  5  percent.  This  relatively  low  transmission  can  be  increased  by  a  factor 
of  2-3  by  using  gratings  with  a  higher  reflectivity  and  by  operating  it  in 
single-pass  configuration  with  appropriate  beam-shaping  optics. 

An  autocorrelation  trace  of  the  compressed  pulses  is  shown  in  Figure  11. 

Assuming  a  sech“  shape,  the  pulse  width  is  3  ps  which  corresponds  to  a 

compression  factor  of  33.  The  average  input  power  was  about  1W  and  the 
distance  between  the  gratings  was  1.88m,  corresponding  to  a  compressor  length 
of  b  =  3.76m.  A  fine  adjustment  of  the  compressor  length  was  not  necessary 

because  a  slight  change  of  the  input  power  was  sufficient  to  match  the  peak 
power  in  the  fiber  to  the  optimal  compressor  length.  The  measured  average 
power  after  the  compressor  was  47  mW  which  corresponds  to  a  peak  power  of 
about  1S0W 


Figure  11.  Autocorrelation  Trace  of  the  Compressed  Pulses 


To  generate  pulses  with  low  wings,  as  shown  in  Figure  11,  the  orientation  of 
the  input  and  output  polarization,  with  respect  to  the  fiber  axis  and  grating 
pair,  was  adjusted  carefully  with  the  help  of  the  autocorrelation  signal.  After 
launching  maximum  power  into  the  fiber  and  tuning  (he  half-wave  plate  after 
the  fiber  to  maximum  transmission  through  the  compressor,  rotation  of  the 
wave  plate  at  the  input  and  a  slight  reduction  of  the  input  power  always 
resulted  in  compressed  pulses  with  more  or  less  pronounced  wings.  Final  wing 
reduction  and  shortest  pulses  were  then  achieved  by  successively  changing  the 
orientation  of  the  input  and  output  half-wave  plate  along  with  the  quarter- 
wave  plate.  ^  Rotation  of  the  input  polarization  by  90°  together  with  a 

readjustment  of  the  wave  plates  after  the  fiber  resulted  in  the  same  pulse 
shape.  At  angles  between  these  two  orientations,  the  compressed  pulses 

exhibited  various  pedestals,  wings,  and  sidelobes  or  the  compression  was  poor. 
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In  additiou  to  the  wing  clipping  method  described  above,  we  tried  spectral 
windowing. It  was  possible  to  obtain  smooth  Gaussian -shaped  7  ps  pulses 

without  wings;  however,  the  average  power  after  the  compressor  dropped  to 

below  1  mW.  Therefore,  it  seems  not  preferable  to  use  spectral  windowing  in 

conjunction  with  nonpolarization  preserving  fibers  exhibiting  nonlinear 
birefringence. 

The  spectrum  of  the  pulses  after  transmission  through  the  fiber  is  shown  in 

Figure  11  Assuming  band  width -limited  100-ps  Gaussian  pulses  from  the  Kr  + 
laser,  the  initial  linewidth  is  0.0074  nm  (FWl/e).  The  measured  width  of  the 
spectrum  was  0.39  nm  corresponding  to  a  spectral  broadening  by  a  factor  of 
53.  Additionally,  we  observed  distinct  sidelobes  in  the  spectrum  (insert  Figure 
12).  Their  formation  was  dependent  on  the  input  polarization,  and  they  could 
be  produced  repetitively  by  45°  rotations  of  the  half-wave  plate  before  the 

fiber.  The  polarization  of  the  light  in  the  sidelobes  was  different  from  that  in 
the  central  part  of  the  spectrum  leading  to  their  suppression  in  the  grating- 
pair  compressor.  In  a  recent  paper, ^  such  sidelobes  were  interpreted  as 
optical  wave  breaking  occurring  in  fibers  which  are  long  enough  for  group 
velocity  dispersion  to  act  on  the  temporal  shape  of  the  pulse.  Their 
generation  in  our  experiment  was  surprising,  since  the  ratio  z/z0  was  about  a 
factor  of  10  smaller  and  the  normalized  amplitude  A  larger  by  a  factor  of  1.5 
than  that  used  for  calculations  in  Ref.  15.  A  detailed  analysis  would  lie 
beyond  the  scope  of  this  letter  and  is  subject  to  future  investigation.  In 

contrast  to  other  pulse  compression  experiments  with  long  input  pulses,  we 

experienced  no  limitation  by  stimulated  Raman  scattering  which  was  always  was 

less  than  1  percent. 
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Figure  12.  Spectrum  Emitted  From  the  Fiber 

For  a  comparison  of  our  results  with  theory,  we  use  the  definitions  given  in 

Refs.  3  and  16.  For  0.647  pm  and  100  ps  the  normalized  length  is  z0  =  100  km 

(Cj  =  O.lm-^  ps~).  The  maximum  phase  shift  A<6  accumulated  in  a  fiber  is 
given  by  A <t>  =  kzn?I  with  k  =*  2 tt/X  and  nj  =  3.2x10-^  cm*/V/,  z  equals  the 

fiber  length,  and  I  is  the  peak  intensity.  This  phase  shift  is  related  to  the 

width  of  the  broadened  spectrum  and  the  initial  linewidth  Awjn  (both  FWl/e) 

of  bandwidth -limited  Gaussian  pulses  by^  ±<f>  =  1.16  d<*»/Awjn  and  can  be 

determined  spectroscopically.  Adi  is  related  to  the  normalized  amplitude  A  from 
Ref.  3  by  A4  =  tt/2  A“z  z0.  Hence,  for  z  <  .  z0,  the  compression  ratio  can  be 
expressed  by  t0/t  =  1  +  0.57A<i  and  the  grating  separation  is  b=  0.13i7C2to^2^ 

(Ci  =  0.133  for  2400  1/mm  and  a  diffraction  angle  of  57°,  b  is  in  meters  and 
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t0  is  in  picoseconds).  The  53  times  spectral  broadening  (A<£  =  61.5)  results  in 
a  compression  ratio  of  tQ/t  =  36  and  a  grating  separation  of  b  =  4.41m,  which 
is  in  agreement  with  the  experiment.  The  calculation  of  the  grating  separation 
and  the  compression  ratio  with  the  approach  described  above  led  to  more 
reliable  values  than  using  the  normalized  amplitude  A  estimated  from  the  peak 
power  in  the  fiber. 

Under  this  program,  we  have  demonstrated  the  possibility  of  effectively 
compressing  relatively  long  pulses  with  medium  peak  powers  in  the  visible 
spectrum  to  a  few  picoseconds  using  a  fiber -grating -pair  compressor. 
Additionally,  we  have  demonstrated  the  feasibility  of  a  pulse -reshaping 
technique  based  on  the  nonlinear  birefringence  in  fibers  for  long  input  pulses. 
A  better  peak  power  enhancement  can  be  expected  by  using  gratings  with 
higher  reflectivity  or  by  utilizing  a  single-pass  configuration  together  with 
beam-shaping  optics.  One  potential  application  of  the  compressed  pulses  is 
their  use  as  a  pump  source  for  optically  pumPcd  GaAs  multiple  quantum  well 
lasers1^  which  should  lead  to  the  generation  of  subpicosecond  pulses  from 
those  lasers. 
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Second  harmonic  generation  in  Ge-doped  fibers  with  a  mode-locked  Kr^ 
laser 

B.  Vaik.  E.  M  Kim,  and  M.  M.  Salour 

T4C.4X  Aerospace  Corporation.  2111  Palomar  Airport  Road.  Carlsbad.  California  92009 
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We  report  on  frequency  doubling  of  the  647.1  nm  line  from  a  mode-locked  Kr~  laser  in  a 
single-mode  fiber  with  pure  Ge-doped  core.  The  harmonic  light  at  323.5  nm  builds  up  after 
about  20  min  of  laser  irradiation  at  647. 1  nm.  Peak  powers  as  low  as  600  W  were  sufficient  to 
prepare  the  fibers  for  second  harmonic  generation. 


Recently,  efficient  frequency  doubling  of  the  1.06 
radiation  from  mode-locked  neodvmiumyttrtum  aluminum 
garnet  (Nd:YAG)  lasers  in  optical  fibers  has  been  report¬ 
ed.1'5  Since  second-order  effects  in  the  amorphous  core  of 
fibers  are  normally  forbidden,  it  was  necessary  to  prepare  the 
fibers  for  efficient  second  harmonic  generation  (SHG). 
They  had  to  be  irradiated  with  high  power,  ^-switched,  and 
mode-locked  pulses  from  a  Nfd.YAG  laser  for  tens  of  hours 
before  SHG  could  be  observed  with  mode-locked  pump 
pulses  only. 1  Using  532  nm  harmonic  seed  pulses  along  with 
the  1 .06  fim  pump  light  resulted  in  considerable  shortening 
of  the  preparation  time  to  only  about  5  min.5  Experiments 
with  different  fiber  dopants,  such  as  germanium  and  phos¬ 
phor.  led  to  the  conclusion  that  phosphor  is  a  major  partici¬ 
pant  for  achieving  SHG  in  fibers  1  Two  models  have  been 
proposed  to  describe  efficient  SHG  in  optical  fibers.  One 
model4  postulates  color  centers  as  the  source  of  the  enhanced 
second-order  nonlinear  susceptibility  generated  by  the  ini¬ 
tially  weak  second  harmonic  light  from  a  nonlinear  quadru¬ 
ple  susceptibility.  The  color  centers  are  created  periodically 
along  the  fiber  at  spatial  locations  where  the  initial  green 
light  intensity  is  highest,  i.e..  the  pump  and  harmonic  light  is 
in  phase.  This  self-written  grating  automatically  provides 
phase  matching  between  pump  and  harmonic  light.  The  oth¬ 
er  model5  assumes  a  photoinduced  effect  forming  the  dipole- 
allowed  second-order  susceptibility.  The  pump  and  seeded 
harmonic  frequency  then  mix  by  a  third-order  nonlinear 
process  to  form  a  dc  polarization  at  the  phase-matching  peri¬ 
odicity  which  orients  the  defects.  The  fiber  thus  organizes 
itself  for  phase  matching  and  the  permanently  written  peri¬ 
odic  nonlinearity  leads  to  efficient  SHG  within  the  fiber.  A 
recently  published  theoretical  article”  presents  a  formalism 
for  second  harmonic  and  sum  frequency  generation  in  fibers 
giving  estimates  for  the  conversion  efficiency  due  to  the  non¬ 
linear  polarization  at  the  core-cladding  interface  and  the 
bulk  nonlinear  polarization  including  quadru polar  terms.  A 
maximum  conversion  efficiency  of  about  10 is  predicted 
under  index-matching  conditions. 

In  this  letter  we  report  on  frequency  doubling  of  the 
647.1  nm  radiation  from  a  mode-locked  Kr~  laser  in  a  sin¬ 
gle-mode  fiber  with  a  purely  Ge-doped  core.  In  contrast  to 
the  preparation  processes  described  in  Refs.  1-3.  we  ob¬ 
served  permanent  harmonic  generation  at  323.5  nm  after 
about  20  min  of  laser  irradiation  with  peak  powers  of  720  W 
in  the  fiber.  After  the  ultraviolet  ( L'V )  light  started  to  build 
up,  it  reached  its  maximum  value  usually  within  1-3  min 
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with  an  average  power  level  on  the  order  of  1  /z  W.  The  con¬ 
version  efficiency  is  on  the  order  of  10'”  which  is  very  low 
compared  to  a  maximum  of  5%  reported  for  the  NdiYAG 
laser  radiation.5 

We  also  achieved  harmonic  generation  with  the  Kr  * 
laser  in  a  fiber  which  is  single  mode  at  1  06  yum  and  bimodal 
at  647. 1  nm.  With  proper  inputadjustment.  it  was  possible  to 
excite  only  the  fundamental  mode  and  after  40  min,  harmon¬ 
ic  light  at  323.5  nm  was  observed.  Following  this  prepara¬ 
tion  process,  100  ps  mode-locked  1.06  jim  pulses  from  a 
Nd;YAG  laser  were  launched  into  the  fiber,  however,  even 
with  average  powers  of  up  to  4  W,  SHG  could  not  be  ob¬ 
served.  This  result  is  in  agreement  with  tuning  experiments 
reported  in  Ref.  4.  Before  further  discussing  SHG  in  fibers, 
we  will  first  describe  the  preparation  process  and  the  results 
of  several  experiments. 

The  100  ps  pulses  at  647. 1  nm  from  a  mode-locked  Kr  * 
laser  first  passed  an  acousto-optic  modulator  (  AOM )  which 
isolated  the  laser  from  backreflecred  light,  and  at  the  same 
time,  served  as  a  variable  attenuator.  The  maximum  average 
power  after  the  AOM  was  820  m  W  and  the  light  was  coupled 
into  the  fiber  with  a  20 X  microscope  objective.  The  experi¬ 
ments  were  performed  with  commercially  available  single¬ 
mode  fibers.  One  fiber  [Lightwave  Technology  (LT) 
F1506C]  had  a  7- 1 2%  Ge-doped  silica  core  of  3.9yum  diam¬ 
eter  and  a  pure  silica  cladding  A  cutoff  wavelength  of  580 
nm.  an  attenuation  of  9  33  dBAm  at  633  nm.  and  a  refrac¬ 
tive  index  difference  of  An  =  0.303%  were  specified  by  the 
manufacturer.  We  also  tried  a  similar  fiber  from  Corning 
Glass  Works  specifying  5%  Ge  doping,  a  3—3.5  fam  core 
diameter,  and  A n  =  0.4-0.45%.  The  single-mode  fiber  at 
1.06  jrm  (Coming)  had  the  same  doping  specifications  and 
index  difference  but  a  5  jim  core  diameter  and  a  cutoff  wave¬ 
length  of  0.95  jim. 

The  pump  and  harmonic  light  emitted  from  the  fiber 
was  collected  by  means  of  a  10  x  objective  with  85%  trans¬ 
mission  at  323.5  nm.  The  UV  radiation  was  measured  with  a 
photomultiplier  tube  ( RCA  1 P28 )  after  passing  several  col¬ 
or  filters  to  suppress  the  remaining  pump  light.  The  trans¬ 
mitted  pump  power  /*,„  measured  after  the  10  x  output  ob¬ 
jective,  was  recorded  along  with  the  produced  harmonic 
light  and  was  used  as  a  measure  of  the  power  inside  the  fiber 
core. 

Figure  I  illustrates  the  time  dependence  of  the  prepara¬ 
tion  process  for  ( a )  a  0  8-m-long  fiber  piece.  ( b )  a  3-m  fiber 
(both  F1506C).  and  (c)  a  3-m  fiber  piece  from  Corning  All 
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FIG  I  Transmuted  [tump  pos*er  at  647  |  nm  'upper  travel  and  sevnnd 
harmonic  signal  (lower  trace)  after  (al  0  ti  m  fiber  1  LT)  suith  P,  =  500 
m  W,  i  b  i  3  m  fiber  'LT  t  suith/*,  -  550  mW,  and  !s  t  after  3  m  fiher  l  Corn¬ 
ing)  with  P,  =  5^0  ntW  All  fibers  suere  single  mode  at  the  pomp  wave- 
length  and  I  average  L  v  power  unrrespnnds  to  U  4  units 


three  fibers  were  single  mode  at  the  pump  wavelength.  The 
upper  (race  shows  the  transmitted  pump  light  and  the  lower 
trace  the  harmonic  light  power  After  some  tens  of  minutes 
of  irradiation,  harmonic  light  quickly  builds  up  and  reaches 
a  first  maximum  within  1-3  mm.  The  power  of  the  UV  radi¬ 
ation  is  very  unstable  and  oscillates  strongly  within  minutes. 
These  fluctuations  are  not  caused  by  pump  light  variations 
because  they  are  not  evident  in  the  smooth  upper  trace  repre¬ 
senting  the  transmitted  pump  light  Slopping  the  high  power 
irradiation  al  a  maximum  of  the  harmonic  power  and  then 
producing  SHG  at  lower  pump  levels  of  about  20  mW  result¬ 
ed  only  in  slightly  decreased  UV  intensity  fluctuations.  The 
cause  of  these  fluctuations  is  not  clear,  but  might  be  over¬ 
come  by  using  fibers  with  additional  phosphor  doping  which 
could  also  result  in  higher  conversion  efficiencies  For  fiber 
pieces  longer  than  I  m  a  sharp  decrease  in  the  transmitted 
pump  light  was  always  observed  shortly  before  the  harmonic 
light  starts  to  build  up.  As  shown  in  Fig  lie),  this  drop  in 
the  pump  light  transmission  is  more  pronounced  in  the  fiber 
with  a  smaller  core  size.  Although  a  sharp  decline  in  the 
transmission  was  not  observed  when  shorter  fiber  pieces 
were  prepared,  the  transmission  decreased  slowly.  Usually 
after  about  one  hour  it  stabilized  at  levels  about  30-50% 
below  the  initial  value.  The  described  transmission  decrease 
had  already  been  observed  earlier,  when  high  power  radi¬ 
ation  was  transmitted  through  60-m-long  fibers  in  pulse 
compression  experiments.'  and  was  then  attributed  to  color 
center  generation. 
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Figure  2  shows  the  dependence  of  the  required  irradia¬ 
tion  time  to  prepare  fibers  for  the  second  harmonic  genera¬ 
tion  versus  pump  power  As  could  be  expected,  the  irradia¬ 
tion  time  necessary  to  prepare  the  fiber  for  SHG  with  lower 
pump  powers  is  longer  The  lowest  possible  average  power 
for  a  fiber  preparation  was  P„  =  450  mW  corresponding  to  a 
peak  power  of  about  600  W  in  the  core.  At  average  powers  P{l 
below  400  mW,  harmonic  light  could  not  be  produced  even 
after  more  than  3  h  of  laser  irradiation.  The  scattering  of  the 
data  shown  in  Fig.  2  indicates  strong  variations  of  the  initial 
conditions  for  the  preparation  process.  Using  seed  pulses 
along  with  the  fundamental  should  result  in  more  consistent 
measurements  of  the  preparation  time  at  different  power  lev¬ 
els. 

By  placing  a  red  filter  in  the  pump  beam,  thereby  sup¬ 
pressing  wavelengths  below  600  nm.  we  could  exclude  the 
possibility  of  blue  and  ultraviolet  fluorescence  light  from  the 
Kr*  laser  acting  as  seed  light.  The  longer  time  it  took  to 
achieve  SHG  in  the  fibers  is  more  likely  due  to  the  lower 
pump  power,  as  indicated  in  Fig.  2,  than  possible  seed  light 
suppression.  Furthermore,  the  20  x  launch  objective  used 
had  a  very  small  transmission  at  the  harmonic  wavelength, 
and  therefore,  experiments  with  a  KDP  crystal  in  the  pump 
beam,  producing  UV  seed  pulses,  were  not  successful. 

Spectral  measurements  showed  that  the  linewidth  of  the 
harmonic  light  is  <0  5  A.  which  was  the  resolution  limit  of 
our  spectrometer.  A  quadratic  dependence  of  the  harmonic 
power  could  be  observed  at  average  pump  powers  between 
20  and  100  mW  in  the  fiber.  Due  to  strong  intensity  fluctu¬ 
ations.  this  quadratic  dependence  was  not  as  apparent  at 
higher  pump  powers.  Polarization  measurements  basically 


Time  (minutes) 

FIG  l  Preparation  time  of  fibers  for  SHG  vs  average  pump  power  P„.  All 
data  were  taken  with  fiber  Fl  50bC  The  red  filter  was  placed  into  the  input 
beam  to  suppress  blue  fluorescence  light  from  the  Kr  *  laser 
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showed  the  urns  results  us  described  in  Ref  3  However, 
preparation  of  the  fiber  with  circularly  polarized  pump  light 
{Pt  =  500  mW  )  took  about  2  h  and  only  low  harmonic  pow¬ 
ers  could  be  achieved. 

In  order  to  find  the  optimum  fiber  length  to  produce 
highest  harmonic  powers,  we  prepared  3— S-m-long  fibers 
and  cut  back  from  the  e.stc  end.  Due  to  the  strong  fluctu¬ 
ations  of  the  harmonic  signal,  the  results  of  this  measure¬ 
ment  were  very  scattered.  However,  we  consistently  found 
that  highest  harmonic  powers  were  generated  with  a  fiber 
length  between  50  and  ’0  cm.  Lengths  shorter  than  50  cm 
always  resulted  in  a  decline  of  the  UV  signal.  This  result 
matches  with  the  walkotF  distance  estimated  for  a  100-ps 
pump  pulse  and  harmonic  pulse  of  the  same  length  using 
formulas  and  constants  given  in  Ref.  8. 

An  estimation  of  the  harmonic  power  can  be  made  by 
using  the  absolute  sensitivity  of  the  photomultiplier  which 
has  been  determined  experimentally  to  be  16  x  103  A/W  at 
355  nm  Knowing  the  transmission  of  the  filters  used,  the 
maximum  achieved  average  power  was  found  to  be  about  1 
/iW.  Another  indication  of  the  harmonic  power  achieved 
with  fibers  can  be  obtained  by  comparing  it  with  that  genera¬ 
ted  in  a  cry  stal  The  second  harmonic  power  produced  in  a  1- 
mm  KDP  crystal  with  an  unfocused  Gaussian  beam  of  1  16 
mm  width  ( FWHM )  was  approximately  a  factor  of  10  less 
than  that  obtained  with  a  fiber.  Furthermore,  with  about  600 
mW  cw  pump  irradiation  it  was  possible  to  obtain  contin¬ 
uous  harmonic  light  with  an  already  irradiated  fiber  pre¬ 
pared  for  SHG. 

Frequency  doubling  in  pure  Ge-doped  fibers  with  pump 
peak  powers  as  low  as  600  W  at  647  1  nm  compared  to  20  kW 
necessary  at  1  6^im'  strongly  supports  photoinduced  defect 
or  color  center  generation  as  the  source  of  the  second-order 
nonlinear  susceptibility  Due  to  a  self-organizing  effect  in  the 
fiber,3  4  phase  matching  is  provided  and  a  strong  harmonic 
pulse  can  develop  in  the  first  pan  of  the  fiber.  Since  color 
centers  or  defects  are  easier  to  produce  with  shorter  wave¬ 
lengths,  it  is  possible  that  they  are  not  only  generated  by  the 
pump  light  but  also  by  the  harmonic  pulse  within  the  length 
of  fiber  in  excess  of  the  walkoff  distance.  However,  a  further 
self-organization  of  defects  to  provide  phase  matching  in 
that  pan  of  the  fiber  cannot  be  assumed.  Additionally,  a 
whole  vanety  of  defects  is  possible  in  optical  fibers'''*"14  and 
therefore,  different  types  of  defects  may  be  generated  by  ei¬ 
ther  the  pump  or  harmonic  wavelength.  Hence,  rather  than 
increasing  the  harmonic  power,  such  defects  may  account 
for  the  increased  attenuation  of  the  pump  power  which  has 
always  been  observed. 

As  pointed  out  earlier,  it  was  not  possible  to  generate 
harmonic  light  with  a  mode-locked  NdiYAG  laser  at  1  06 
/im  in  a  single-mode  fiber  (  @  1 .06  qm )  already  prepared  for 
SHG  with  the  Kr  *  laser  We  also  tuned  the  Kr  *  laser  to  the 
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676.4  nm  line  and  launched  powers  up  to  300  mW  m  a  fiber 
already  prepared  for  SHG  but  could  not  detect  any  harmon¬ 
ic  light  Both  results  show  that  SHG  in  fibers  is  strongly 
correlated  to  the  preparation  wavelength  and  are  in  agree¬ 
ment  with  tuning  experiments  reported  in  Ref  4  The  dem¬ 
onstrated  second  harmonic  generation  in  optical  fibers  with 
relatively  low  pump  peak  powers  in  the  visible  opens  the 
possibility  of  generating  harmonic  light  in  fibers  with  mode- 
locked  and  cavity-dumped  dye  lasers  However,  limits 
would  be  imposed  by  the  U  V  transmission  of  the  core  mate¬ 
rial  and  the  relatively  short  walkoff  distance  for  ps  pulses. 

In  conclusion,  we  have  demonstrated  second  harmonic 
generation  in  purely  Ge-doped  fibers  with  peak  powers  as 
low  as  600  W  at  647  1  nm.  The  low  power  needed  for  the 
fiber  preparation  at  this  wavelength,  compared  to  experi¬ 
ments  performed  with  infrared  pulses,  gives  strong  evidence 
of  color  center  or  defect  generation  in  the  fiber  as  source  of 
the  second-order  nonlinearity  The  negative  experimental 
results  on  harmonic  generation  w  ith  wavelengths  other  than 
that  used  to  prepare  the  fiber  for  SHG  are  in  agreement  with 
a  model  and  experiments  explaining  phase  matching  by  a 
self-written  grating  inside  the  fiber  core.  Our  experiments 
offer  the  possibility  to  achieve  frequency  doubling  in  fibers 
with  dye  lasers.  With  a  L’V  transmitting  20  X  objective  and 
harmonic  seed  pulses,  even  shorter  preparation  times  and 
lower  pump  powers  should  be  possible.  Since  the  pump 
wavelength  lies  conveniently  in  the  range  of  dye  lasers,  high- 
resolution  tuning  experiments  can  be  performed. 
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We  report  the  first  optically  pumped  mode-locked  AL>  ,Gao ,  As/GaAs  multiple  quantum  well 
(  V1QW' )  laser  in  external  cavity  The  MQW  structure  with  a  total  thickness  of  5  jim  was 
grown  by  molecular  beam  epitaxy  on  a  Si-doped  GaAs  substrate  and  was  synchronously 
pumped  by  a  mode-locked  Kr*  laser  (82  MHz)  at  647.1  nm.  The  MQW  laser  emitted  10  ps 
pulses  at  8085  A  with  peak  powers  as  high  as  6  W  The  demonstrated  MQW  laser  combines 
desirable  properties  of  quantum  wells  with  advantages  of  an  external  cavity,  such  as  specific 
band-gap  design  with  high  beam  quality  and  the  possibility  of  intracavity  tailoring  of  the  laser 
beam 
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Since  the  demonstration  of  optically  pumped  semicon¬ 
ductor  lasers  with  external  cavity  throughout  the  visible  and 
near  infrared1-1  with  desirable  properties  such  as  tunability, 
high  beam  quality,  and  generation  of  short  pulses  in  mode- 
locked  operation,  it  became  very  attractive  to  apply  these 
techniques  to  multiple  quantum  well  (MQW)  structures. 
The  optical  properties  of  Al,  Ga,  _  ,  As/GaAs  MQW  struc¬ 
tures  have  been  studied  extensively5""  showing  very  strong 
exciton  fluorescence  and  the  multiple  subbands  in  the  GaAs 
wells  due  to  the  quantum  confinement  of  electrons  and 
holes.  For  many  different  well  sizes  and  MQW  structures 
made  by  different  production  techniques,  lasing  between  the 
cleaved  edges  has  been  achieved  by  transverse  pumping.*"14 
The  main  advantage  of  superlattices  over  other  optically 
pumped  semiconductor  samples  is  the  possibility  to  use  their 
very  sharp  resonances  to  shift  the  lasing  wavelength  from  the 
fundamental  band  edge  of  GaAs.  Hence,  by  choosing  the 
width  of  the  GaAs  wells  and  the  aluminum  content  of  the 
barriers,  these  lasers  can  be  specifically  designed  and  opti¬ 
mized  to  certain  wavelength  regions.14 

In  this  letter  we  report  the  first  synchronously  pumped 
mode-locked  MQW’  laser  with  external  cavity  combining  the 
quantum  well  properties  of  laser  wavelength  design  with  at¬ 
tractive  features  such  as  high  output  powers,  high  beam 
quality,  and  pulses  as  short  as  10  ps.  Furthermore,  our  setup 
provides  the  possibility  of  various  modifications  of  the  laser 
by  putting  additional  optical  elements  into  the  cavity. 

The  multiple  quantum  well  structure  used  in  this  experi¬ 
ment  was  grown  by  molecular  beam  epitaxy  (MBE)  on  Si- 
doped  <100)  GaAs  substrates.  The  substrate  preparation 
and  growth  of  the  superlattice  are  made  by  using  standard 
procedures  described  elsewhere.  ’  *  The  epitaxial  layers  con¬ 
sist  of  0.5  /am  GaAs  buffer,  a  500  A  Alo  iGa^  ,  As  etch  stop 
layer,  and  a  superlattice  of  250  periods  of  100  A  GaAs  and 
100  A  AL, ,  Gao  i  As.  In  contrast  to  all  other  reported  opti¬ 
cally  pumped  MQW  lasers,  in  our  experiment  the  superlat- 
tice  is  pumped  longitudinally  The  absorption  length  of  the 
647  I  nm  pump  light  is  about  0.5  pint  at  77  K.  in  the  GaAs 
wells  and  1.0 /am  in  the  Alo,Gao,As  barriers.’"  Hence,  to 
provide  a  sufficient  gain  length  the  total  MQW  layer  thick¬ 
ness  should  exceed  2  fim.  Taking  into  account  additional 
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facts  such  as  possible  saturation  which  increases  the  absorp¬ 
tion  length  at  the  high  pump  intensities  needed  to  get  the 
MQW  laser  over  threshold  and  to  provide  enough  material 
for  sufficient  heat  flow  from  the  pumped  spot  to  the  heat¬ 
sink.  we  decided  for  a  total  MQW  thickness  of  5  /am.  The 
carriers  generated  in  the  barriers  by  absorbing  pump  light 
also  contnbute  to  the  laser  process  because  they  diffuse  to 
the  wells  with  a  velocity15  in  the  order  of  10’  cm/s  where 
they  can  form  excitons. 

A  large  MQW  sample  was  cut  into  pieces  and  some  of 
them  were  mounted  with  a  transparent  cyanoacrylate  adhe¬ 
sive  on  a  high  reflective  sapphire  mirror  with  dielectric  coat¬ 
ing.  Sapphire  was  used  because  of  its  high  heat  conductivity 
at  low  temperatures  and  the  thickness  of  the  glue  film  was 
below  5  jam  keeping  this  heat  flow  barrier  very  small.  Other 
pieces  were  coated  with  a  2000  A  gold  film  on  the  MQW  side 
acting  as  a  high  reflective  mirror  (ft  =  0.94  at  800  nm)  of 
the  external  cavity.  These  samples  were  glued  on  an  uncoat¬ 
ed  sapphire  substrate  After  polishing  the  GaAs  substrate 
down  to  50  jam  a  couple  of  circles  with  about  1  mm  diameter 
were  defined  photolnhographically.  The  substrate  within 
these  circles  was  then  removed  by  selectively  etching  it  down 
to  the  etch  stop  layer  which  is  practically  transparent  to  the 
pump  and  MQW  laser  light.  Instead  of  removing  the  whole 
substrate,  the  described  sample  with  holes  provided  the  pos¬ 
sibility  to  either  pump  the  MQW  or  the  Si-doped  GaAs  sub¬ 
strate,  whose  lasing  characteristics  have  been  published  re¬ 
cently." 

The  sapphire  mirror  with  the  MQW  sample  was  at¬ 
tached  to  a  copper  coidfinger  and  cooling  was  provided  by 
liquid  nitrogen.  The  Dewar  with  antireflection-coated  win¬ 
dows  was  mounted  on  a  translation  stage,  making  it  possible 
to  find  those  spots  on  the  sample  giving  the  highest  output 
powers  and  shortest  pulses  as  well  as  shifting  from  the  MQW 
laser  to  the  GaAs  laser.  A  10  X  microscope  objective  (Leitz) 
was  used  to  focus  the  pump  beam  onto  the  sample  and  to 
collect  the  fluorescence  light.  An  estimation  of  the  lasing 
spot  diameter  of  3. 5  jam  was  possible  by  measuring  the  diam¬ 
eter  of  the  holes  burnt  into  the  samples.  The  90%  transmis¬ 
sion  of  the  objective  at  the  laser  wavelength  is  fairly  low  for 
intracavity  use.  but  from  earlier  work4  it  seems  that  low 
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spherical  aberration  is  more  important  than  highest  trans¬ 
mission. 

As  a  pump  source  a  mode-locked  K.r  *  laser  was  used, 
emitting  100  ps  pulses  at  647  1  nm.  Because  of  the  150  nm 
spacing  between  the  pump  laser  and  MQW  laser,  it  was  pos¬ 
sible  to  pump  the  MQW  laser  through  its  90%  output 
coupler  and  use  a  dichroic  beamsplitter  to  separate  the  two 
beams  as  illustrated  in  Fig.  1.  The  laser  and  fluorescence 
spectrum  of  the  MQW  was  measured  with  a  1/2-m  mono¬ 
chromator  ( Jarrell-Ash)  having  a  resolution  of  0.5  A.  The 
temporal  width  of  the  pulses  was  measured  by  means  of 
background-free  autocorrelation.  Since  autocorrelation  is 
most  efficient  with  linearity  polarized  beams,  a  Brewster 
plate  was  inserted  into  the  cavity 

Stable  average  output  power  as  high  as  5  mW  has  been 
obtained  from  the  MQW  laser  with  10%  output  coupling 
and  55  mW  pump  power.  The  threshold  is  around  20  mW; 
however,  it  can  vary  slightly  depending  on  the  quality  of  the 
Using  spot.  The  laser  power  first  increases  linearly  with 
pump  power  until  it  reaches  approximately  3  X  the  thresh¬ 
old.  For  pump  powers  higher  than  60  mW  a  sharp  decrease 
of  the  MQW  laser  power  occurs  which  is  most  likely  due  to 
local  heating,  enhancing  the  nonradiative  decay  of  excitons. 
An  increase  of  the  pump  power  from  50  to  70  mW  and  then 
decreasing  back  to  50  mW  resulted  in  about  the  same  output 
power,  proving  that  the  observed  power  decrease  was  rot 
caused  by  permanent  damage  to  the  MQW  layer.  Using  the 
gold  coated  samples,  the  highest  achievable  average  power 
was  3.5  mW  and  the  threshold  was  25-30  mW.  Scanning  the 
pump  beam  over  the  MQW  layer  resulted  in  small  changes 
of  the  laser  output  indicating  a  fairly  good  uniformity  of  the 
samples. 

Figure  2  shows  (a)  the  MQW  laser  spectrum  and  (b) 
the  fluorescence  spectrum.  Due  to  the  100  A  wells  three 
distinct  free-exciton  transitions  can  be  seen  in  (b):  at  81 10 
k.  at  7870  A,  and  very  weakly  at  7650  A.  The  peak  at  8320  A 
is  most  likely  a  bound  exciton  transition."1  These  results  are 
similar  to  those  obtained  in  Ref.  10  for  high  pump  intensities; 
however,  they  cannot  be  compared  directly  because  of  the 
different  MQW  structures  used.  Lasing  occurs  at  8060  A 
and  a  second  weak  line  appears  at  8300  A.  The  240  A  spacing 
between  these  lines  is  consistent  with  the  free-spectral  range 
(FSR)  of  the  Fabry-Perot  formed  by  the  5  pm  MQW  layer. 
In  contrast  to  the  10  A  mode  spacing  of  the  GaAs  laser.*  the 
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FIG  2  is)  Li&er  vpccirum  i  sample  with  Au  coating  j  and  i  b)  fluorescence 
spectrum  when  the  output  coupler  was  removed 


FSR  of  the  thin  MQW  layer  is  large  enough  to  achieve  sin¬ 
gle-line  operation  by  cavity  alignment  only  On  the  longer 
wavelength  side  of  the  main  laser  line  a  second  small  peak 
appears  23.5  A  apart.  The  appearance  of  one  or  two  addi¬ 
tional  lines,  either  about  25  or  36  A  separated  from  the  mam 
line,  was  strongly  dependent  on  the  pumped  spot.  Further¬ 
more,  the  actual  laser  wavelength  itself  could  shift  from  spot 
to  spot  giving  strong  evidence  for  well  size  fluctuations. 
However,  since  a  well  size  variation  of  about  3  monolayers  of 
GaAs  for  1 00  A  wells  can  explain  the  observed  lines.6' 1 6  their 
relative  weakness  indicates  the  high  quality  of  the  250  per¬ 
iods  of  the  MQW  structure  used.  The  obtained  results  are 
also  in  good  agreement  with  recently  published  photolu¬ 
minescence  studies17  which  showed  a  similar  sensitivity  of 
exciton  transitions  on  well  size  fluctuations.  A  better  single- 
line  operation  and  more  reproducible  laser  wavelength  at  a 
given  sample  temperature  should  be  obtainable  by  using  200 
A  wells  because  the  relative  shift  of  the  energy  levels  of  the 
electrons  is  less  sensitive  to  well  size  variations6  and  only  half 
as  many  wells  are  involved. 

An  additional  effect  on  the  lasing  wavelength  was 
caused  by  the  pump  beam.  Increasing  the  pump  power  by  50 
mW  resulted  in  a  red  shift  of  the  laser  wavelength  of  35  A 
indicating  a  severe  local  heating  of  the  pumped  spot.  Fur¬ 
thermore,  the  line  broadened  by  about  a  factor  of  2.7  and 
additional  lines  appeared  at  pump  powers  higher  than  40 
m  W.  To  determine  the  possible  temperature  tuning  range  we 
deliberately  let  the  Dewar  warm  up  and  observed  a  shift  of 
the  laser  wavelength  up  to  8460  A.  A  measurement  of  the 
temperature  was  not  possible  in  this  experiment  because  no 
sensor  could  be  mounted  in  the  Dewar  used.  Together  with 
the  results  reported  on  the  Si-doped  GaAs  laser  our  setup 
provides  a  potential  tuning  range  from  8060  to  8650  A. 

The  temporal  pulse  width  has  been  measured  by  back¬ 
ground-free  autocorrelation.  From  the  shape  of  the  autocor¬ 
relation  trace  shown  in  Fig.  3  we  conclude  that  single-sided 
exponential  pulses  are  produced  by  the  MQW  laser  when 
tuned  to  the  shortest  pulses,  which  is  in  agreement  with  simi¬ 
lar  results  obtained  with  dye  lasers."  From  the  20  ps  width 
of  the  autocorrelation  trace,  the  calculated  pulse  width  of  the 
MQW  laser  is  10  ps.  Together  with  a  spectral  width  of  3  A. 
the  resulting  time-bandwidth  product  is  1.37.  The  peak  pow- 
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FIG  3  Autocorrelation  (race  with  a  width  of  30  pi  and  the  accompanying 
layer  tpectrum  The  calculated  pulae  width  of  the  MQW  laaer  is  10  pi  and 
the  average  ouput  is  4  5  mW 


er  can  easily  be  determined  from  the  average  power  by  multi¬ 
plication  with  the  inverse  duty  cycle  of  1200.  given  by  the 
repetition  rate  and  pulse  width.  Hence,  with  5  m W  average 
power,  the  maximum  achievable  peak  power  of  our  laser  is 
6W 

In  conclusion,  we  have  demonstrated  synchronously 
pumped  mode-locked  operation  of  a  multiple  quantum  well 
structure  in  external  cavity.  The  achieved  high  output  pow¬ 
ers  are  very  promising  to  achieve  similar  results  with  other 
MQW  structures  such  as  Ga<,«,  In,,  5j  As/Alg^Itv,,,  As  in 
which  lasing  already  has  been  reported  with  cleaved  facets  at 
1.55  jam."1  Furthermore,  the  external  cavity  provides  the 
possibility  of  further  optical  intracavity  studies  of  various 
MQW  structures.  The  strong  sensitivity  of  the  wavelength 
on  the  lasing  spot  can  be  avoided  by  using  thicker  well  sizes. 
However,  the  emitted  laser  line  would  also  shift  to  longer 
wavelengths.  On  the  other  hand,  one  can  take  advantage  of 
the  well  size  sensitivity  by  producing  wells  with  steadily  in¬ 
creasing  size  of  a  few  monolayers  which  should  give  a  very 
broad  fluorescence  spectrum.  By  using  a  birefringent  filter  in 


the  cavity,  a  fairly  large  tuning  range  at  one  temperature  can 
be  expected. 

Strong  and  readily  saturable  MQW  excitomc  emission 
has  been  observed  at  room  temperature^",  therefore,  lasing 
in  an  external  cavity  without  the  need  for  cryogenic  tempera¬ 
tures  should  be  possible  by  resonant  pumping  dose  to  the 
band  gap.  Pumping  with  a  commercially  available  diode  la¬ 
ser  at  room  temperature  can  then  lead  to  an  integrated  de¬ 
vice  having  major  applications  in  a  variety  of  ultrahigh- 
speed  optical  signal  processing  technologies. 

The  authors  gratefully  acknowledge  helpful  discussions 
with  D.  C.  Reynolds  concerning  the  spectroscopic  data,  D 
Bebelaar  for  providing  a  20-GHz  GaAs  photodiode,  and  D 
J.  Olson  and  W.  Kopp  for  technical  assistance.  This  work 
was  supported  by  the  U.  S.  Army  Research  Office  and  Air 
Force  Weapons  Laboratory.  The  work  done  at  the  Coordi¬ 
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Optically  pumped  tunable  mode-locked  Si-doped  GaAs  laser 
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Mode-locked  operation  of  Si-doped  bulk  GaAs  in  external  cavity  was  achieved  by  synchronous 
pumping  with  a  Kr '  laser  at  647  1  nm  High  beam  quality  and  peak  powers  of  up  to  3  3  W  are 
unique  features  of  this  laser  The  spontaneous  spectrum  is  narrower  than  those  of  dyes,  allowing  a 
stabilized  single-frequency  operation  with  fewer  wavelength  selective  elements,  while  tunability 
over  a  range  of  300  A  was  achieved  by  varying  the  temperature. 


Optical  pumping  of  semiconductors  has  the  advantage 
over  diode  and  dye  lasers  in  that  virtually  any  direct  band- 
gap  semiconductor  can  be  used,  thereby  increasing  the  avail¬ 
able  spectral  range  Recently  mode-locked  laser  action  in 
external  cavity  of  synchronously  pumped  semiconductor 
materials  iike  CdS.  CdSe,  InGaAsP.  and  HgCdTe  has  been 
demonstrated  in  the  wavelength  rangeO  49-2jzm.''’  Mode- 
locked  lasing  of  thick  GaAs  bulk  crystals  has  also  been  ob¬ 
served  using  a  two-photon  synchronous  pumping  configura¬ 
tion  6  These  lasers  have  advantages  over  dye  lasers  because 
of  the  lack  of  dye  instability  in  the  infrared  and  in  addition  no 
jet  fluctuations  are  present,  eliminating  a  very  strong  source 
of  noise,  and  they  can  be  operated  completely  in  vacuum. 
Furthermore,  the  spontaneous  spectrum  is  narrower  than 
those  of  dyes,  allowing  a  stabilized  single-frequency  laser  to 
operate  with  fewer  wavelength  selective  elements,  while  tun¬ 
ing  can  be  done  by  varying  the  temperature.  However,  the 
wavelength  range  spanning  from  0.49  to  2  jam  is  not  yet 
covered  completely  by  mode-locked  semiconductor  lasers 
due  to  the  lack  of  available  high  quality  semiconductor  ma¬ 
terials  in  platelet  form  of  any  desired  composition. 

In  this  letter  we  report  the  development  of  a  cw  mode- 
locked  GaAs  semiconductor  platelet  laser  whose  output  fre¬ 
quency  and  piower  characteristics  provide  an  attractive  tuna¬ 
ble  source  in  the  near  infrared.  The  laser  reported  here  has 
the  advantage  of  high  beam  quality  and  high  output  powers 
compared  with  other  semiconductor  lasers  operating  in  the 
800-900  nm  spectral  range." 

Figure  I  illustrates  the  experimental  setup.  A  mode- 
locked  Kr  *  laser  was  used  as  pump  laser  emitting  100  ps 
pulses  at  647  1  nm  with  a  repetition  rate  of  82  MHz  and  a 
peak  power  of  144  W  The  pump  beam  passed  (1)  a  tele¬ 
scope  to  compensate  for  chromatic  abetTauon  of  the  micro¬ 
scope  objective.  (2)  a  variable  attenuator,  (3)  a  dichroic 
beamsplitter  to  separate  the  GaAs  laser  beam  from  the  pump 
beam,  and  ( 4 )  the  output  coupler  of  the  GaAs  laser  before  it 
was  focused  onto  the  GaAs  substrate  with  a  10  x  micro¬ 
scope  objective  (Leitz).  The  pump  powers  given  in  the  fol¬ 
lowing  are  always  measured  in  front  of  the  objective  taking 
into  account  all  losses  and  the  maximum  average  pump  pow¬ 
er  was  300  mW. 

The  GaAs  platelets  with  a  thickness  of  100 /im  were 
mounted  onto  a  high  reflecting  sapphire  mirror  with  a  thin 
film  of  silicon  oil.  The  GaAs  was  doped  with  Si  and  of  a  high 


optical  quality,  used  as  substrate  to  grow  multiple  quantum 
well  (MQW)  superlattices  on  it.*  *  The  results  reported  in 
this  letter  have  been  taken  with  a  sample  having  a  1  p.  m 
MQW  layer  on  its  backside.  However,  we  verified  spectro¬ 
scopically  that  the  influence  of  the  MQW  on  the  GaAs  laser" 
is  negligible  because  all  pump  light  is  absorbed  in  the  sub¬ 
strate  before  it  could  reach  the  MQW  layer  and  the  fluores¬ 
cence  light  is  absorbed  by  the  MQW  only  below  8300  A. 

The  high  reflecting  mirror  with  the  attached  GaAs 
platelets  was  mounted  on  a  copper  coldfinger  of  a  liquid 
nitrogen  dewar.  The  dewar  itself  was  sitting  on  a  translation 
stage  for  the  purpose  of  alignment  and  shifting  the  pumped 
spot  over  the  sample.  The  windows  of  the  dewar  were  coated 
with  a  broadband  antireflective  ( AR)  coating  for  the  GaAs 
laser  and  pump  laser.  Output  couplers  of  R  =  0  90  and 
R  =  0.97  were  used  for  our  measurements  and  no  tuning  or 
polarizing  elements  were  inserted  into  the  cavity.  The  GaAs 
laser  output  was  analyzed  by  a  l/2-m  Jarrell-Ash  mono¬ 
chromator  and  the  pulse  width  was  measured  with  an  auto- 
correlator.  For  the  temperature  tuning  of  the  laser,  the  di¬ 
electric  coated  sapphire  mirror  with  the  platelets  was 
mounted  in  a  cryogenic  microminiature  refrigeration  system 
(MMR-Technologies  K2205)  which  provided  the  opportu¬ 
nity  to  set  the  temperature  between  77  and  300  K. 

Figure  2  shows  (a)  the  fluorescence  spectrum  and  (b) 
the  laser  spectrum.  The  fluorescence  has  always  been  mea¬ 
sured  with  the  output  coupler  removed  and  is  characterized 
by  Fabry-Perot  modes  due  to  the  platelet  thickness  of  about 
100  jim  and  the  30%  reflectivity  at  each  surface  of  the  sub¬ 
strate.  With  the  R  =  0.90  output  coupler  an  average  laser 
output  of  up  to  5  mW  could  be  achieved.  The  laser  spectrum 
(b)  usually  showed  about  seven  modes,  depending  on  the 
excited  spot  and  alignment  of  the  cavity.  The  linewidth  of 
each  mode  is  1.5  A  f  FWHM)  and  lasing  occurred  always  at 
the  maximum  or.  due  to  a  lower  reabsorption,  on  the  red  side 
of  the  fluorescence  spectrum.  We  observed  that  the  actual 
laser  wavelength  was  not  only  dependent  on  the  temperature 
of  the  whole  sample  but  also  on  the  lasing  spot  itself.  Since 
lasing  occurs  either  on  a  free  or  bound  exciton  transition,  the 
nonuniform  concentration  of  impurities  in  the  GaAs  sample 
leads  to  a  wavelength  shift  by  moving  from  one  spot  to  an¬ 
other.  Furthermore,  the  platelet  acts  as  an  intracavity 
Fabry-Perot  etalon.  tuning  the  laser  to  its  maximum  trans- 
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Figure  3  shows  spectra  of  (a)  GaAs  substrate  pumped 
through  the  MQW  layer  when  lasing,  (b)  the  corresponding 
fluorescence  spectrum,  (c)  GaAs  substrate  with  MQW 
structure  facing  the  high  reflective  mirror,  and  (d)  GaAs 
substrate  with  removed  MQW  (selective  etching).  Trace 
(b)  shows  a  strong  maximum  at  7950  A  due  to  a  strong 
fluorescence  from  the  MQW  layer.  Lasing  did  not  occur 
around  this  maximum  as  one  might  expect  but  at  8350  A 
which  is  the  same  wavelength  as  when  pumped  through  the 
substrate  side  (compare  Fig.  2).  Two  reasons  can  explain 
this  result:  ( 1 )  The  luminescence  radiation  produced  within 
the  MQW  layer  has  to  penetrate  the  substrate  before  it  is 


reflected  at  the  back  mirror  and  light  below  8200  A  is  reab¬ 
sorbed  by  the  GaAs  substrate;  (2)  the  gain  in  the  MQW 
layer  is  not  high  enough  to  get  the  laser  over  threshold  within 
the  layer  thickness  of  1  /im.  Pumping  a  GaAs  sample  with 
the  MQW  structures  removed  resulted  in  spectrum  (d) 
without  the  rapid  fluorescence  decrease  below  8300  A. 
which  is  most  likely  caused  by  reabsorption  in  the  MQW 
layer  on  the  backside  of  the  GaAs  platelet  [Figs.  2(a)  and 
3(c)].  However,  no  lasing  spot  could  be  found  on  this  specif¬ 
ic  sample. 

With  the  R  =  0  90  output  coupler,  average  powers  as 
high  as  5  mW  could  be  achieved  with  a  pump  power  of  300 
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FIG  2.  Fluorescence  and  laser  spectrum  of 
a  Si-doped  GaAs  substrate  (MQW  layer 
facing  high  reflective  mirror):  (a)  Fluores¬ 
cence  spectrum  measured  with  the  output 
coupler  removed  and  a  10*  times  higher  sen¬ 
sitivity  compared  to  (b)  the  laser  spectrum. 
The  latter  was  obtained  with  a  90%  output 
coupler  and  380  mW  average  pump  power 
resulting  in  3  mW  GaAs  laser  power 
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FIG  3.  (a)  Laser  spectrum  of  GaAs  substrate 
pumped  through  the  MQW  side  ( SO  A  GaAv  60 
A  Alo.Gao, As/70  periods ) ;  (b)  fluorescence 
spectrum  of  the  sample  used  m  (a)  but  with  out¬ 
put  coupler  removed  and  sensitivity  increased: 
(c)  fluorescence  spectrum  of  GaAs  sample  used 
in  ( a  I  and  ( b  I  but  MQW  side  facing  the  high  re¬ 
flective  mirror,  (d)  Fluorescence  spectrum  of  a 
sample  where  the  MQW  was  removed  by  selective 
etching 


mW.  The  power  conversion  efficiency  is  about  1%  between  1 
and  5  mW  with  a  R  =  0. 90 output  coupler  and  0.495s  when  a 
R  =  0  97  mirror  was  used.  The  threshold  pump  power  was 
around  1 20  m W  for  the  90%  output  couplers  and  80  mW  for 
the  97%  mirror.  However,  a  precise  measurement  of  the 
threshold  was  not  possible  because  of  its  strong  der  -ndence 
on  the  pumped  spot.  Furthermore,  we  often  found  that  las¬ 
ing  spots  were  isolated  on  the  sample  such  that  lastng  hap¬ 
pened  to  stop  after  shifting  the  sample  a  few  microns.  De¬ 
spite  the  relatively  low  efficiency  due  to  the  20%  intracavity 
loss  of  the  microscope  objective,  the  achieved  powers  are 
much  higher  than  those  of  other  optically  pumped  GaAs 
lasers.”  10  Using  doublet  lenses  (Melles  Gnot  06LAI)  de¬ 
signed  and  AR  coated  for  work  with  diode  lasers  at  830  nra, 
failed  to  achieve  any  lasing,  indicating  that  a  well  corrected 
optical  system  is  more  important  than  using  lenses  with  min¬ 
imum  transmission  loss.  However,  microscope  objectives 
specially  designed  for  intracavity  use  at  the  laser  wavelength 
should  result  in  much  higher  output  powers. 

The  pulse  width  of  the  laser  was  determined  with  an 
autocorrelator  to  be  1 8  ps  ( FWHM )  assuming  single-sided 
exponential  pulses.  This  measurement  correlates  with  the 
obtained  spectral  data  of  the  laser  linewidth  of  1.5  A.  result¬ 
ing  m  a  time-bandwidth  product  of  1.16.  Thus,  the  Fabry- 
Perot  etalon  formed  by  the  GaAs  itself  reduces  the  laser 
bandwidth  too  much  to  produce  pulses  shorter  than  10  ps. 
Using  AR  coated  platelets  which  removes  the  etalon  effect 
leads  to  an  increased  bandwidth  and  pulses  as  short  as  7  ps 
should  be  achievable.*  Additionally,  single  mode  operation 
as  well  as  fine  wavelength  tuning  with  prisms  or  Lyot  filters 
would  be  possible. 

Wavelength  tuning  between  8350  and  8650  A  has  been 
accomplished  by  a  controlled  setting  of  the  temperature 
between  77  and  160  K.  No  lasing  occurred  at  temperatures 
higher  than  1 60  K.  The  observed  wavelength  shift  of  about  3 
A/K  is  in  good  agreement  with"  but  about  twice  of  that 
found  for  the  CdS  lasers. 1 

In  conclusion,  we  have  demonstrated  the  first  mode 
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locking  of  Si-doped  bulk  GaAs  platelets  producing  18  ps 
pulses  with  peak  powers  of  up  to  3.3  W.  AR  coating  of  the 
crystals  may  yield  a  larger  intracavity  bandwidth  and  thus 
even  shorter  pulses.  Furthermore,  using  GaAs  platelets 
grown  by  liquid  phase  epitaxy  or  similar  techniques,  having 
greatly  reduced  impurity  concentration  compared  to  the 
substrates  used,  should  lead  to  a  better  controlled  laser 
wavelength  characteristic  and  cw  operation.  The  GaAs  laser 
fills  a  gap  in  the  row  of  synchronously  pumped  semiconduc¬ 
tor  lasers  in  the  important  wavelength  interval  between  800 
and  900  nm.  With  our  pumping  scheme  a  very  good  beam 
quality  could  be  achieved  which  is  one  of  the  great  advan¬ 
tages  over  all  other  GaAs  lasers.  In  addition,  other  doped 
semiconductor  materials  can  be  used  for  extended  tunable 
picosecond  pulse  generaiion  throughout  the  visible  and  near 
infrared. 
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(  Recetved  1 1  December  1986;  accepted  for  publication  12  January  1987) 

We  report  on  33  x  compression  of  100-ps  mode-locked  Kr~  laser  pulses  at  647.1  ntr.  by  using 
a  riber  grating-pair  compressor.  Pulses  with  very  low  wings  have  been  achieved  by  making  use 
of  the  nonlinear  birefringence  effect  leading  to  an  intensity-dependent  state  of  polarization.  The 
discrimination  of  the  w  ings  took  place  in  the  grating  compressor  which  acted  as  a  polarizer. 


Optical  pulse  compression  by  means  of  a  single-mode 
fiber  in  conjunction  with  a  grating-pair  compressor  has  be¬ 
come  a  very  powerful  technique  to  achieve  ultrashort  pulses 
with  mode-locked  dye  lasers.'  :  Optimal  conditions  for  the 
application  of  this  method,  concerning  fiber  length  and  grat¬ 
ing  separation,  are  found  for  initial  pulse  durations  on  the 
order  of  some  picoseconds  '  However,  effective  pulse  com¬ 
pression  of  relatively  long  pulses  (  80-100  ps)  has  been  dem¬ 
onstrated  recently  with  mode-locked  Sd.YAG  lasers  at  1 .06 
jam*-*'  and  at  1  32  /am  To  our  knowledge,  the  longest  re¬ 
ported  pulses  which  have  been  compressed  in  the  visible  re¬ 
gion  were  33  ps  from  a  mode-locked  and  frequency-doubled 
Nd.YAG  laser  at  0.332  /am. * 

In  this  letter  we  report  on  33  times  compression  of 
mode- locked  Kr *  laser  pulses  at  647  1  nm  from  100  ps  down 
to  3  ps  Furthermore,  by  taking  advantage  of  the  nonlinear 
birefringence  effect  in  the  fiber  in  conjunction  with  the  po¬ 
larization-dependent  transmission  of  the  grating  pair,  we  ob¬ 
tained  compressed  pulses  with  very  low  wings.  This  method 
of  w  ing  reduction  has  been  applied  successfully  for  soliton- 
like  subpicosecond  pulses/  for  reshaping  of  3  ps  pulses. ln 
and  in  conjunction  with  a  pulse  compressor  generating  sub¬ 
picosecond  pulses."  The  phase  shift  of  each  polarization, 
accumulate!,  by  the  field  components  along  each  of  the  two 
principal  axes  of  a  fiber,  is  generally  different  leading  to  an 
elliptical  output  polarization.  It  can  be  linearized  by  means 
of  a  quarter-wave  plate  or  Soleil-Babinet  compensator. 
However,  at  high  peak  powers,  the  polarization  becomes  in¬ 
tensity  dependent  and  is  not  the  same  at  the  peak  of  the  pulse 
as  in  the  lower  intensity  wings.  With  appropriate  polarizers, 
it  is  therefore  possible  to  separate  these  wings  from  the  com¬ 
pressed  pulse. 

The  experimental  arrangement  is  shown  in  Fig.  1  A 
mode-locked  Kr*  laser  (Spectra  Physics  171 )  emus  100-ps 
pulses  at  647  1  nm  with  a  repetition  rate  of  82  MHz.  The 
average  power  of  the  laser  was  1.2  W.  An  acousto-optic 
modulator  was  used  as  a  variable  attenuator  and  to  isolate 
the  laser  from  backreflected  light,  which  was  detrimental  for 
the  mode  locking.  With  a  20  x  objective  the  light  was  cou¬ 
pled  into  a  60-m-long  single-mode  fiber  (Lightwave  Tech¬ 
nology  FI  506E)  having  a  fused  silica  core  of  3.6  jam  diame¬ 
ter.  The  attenuation  of  the  fiber  at  633  nm  was  10.8  dB/km 
and,  taking  into  account  all  reflection  losses  as  well  as  a  typi¬ 
cal  coupling  efficiency  of  >75%.  the  overall  transmission 
was  52%.  At  this  point  we  would  like  to  emphasize  the  im¬ 
portance  of  using  pure  silica  core  fibers  for  visible  light  in¬ 
stead  of  the  more  easily  available  germanium  doped  core 


fibers.  The  latter  did  not  withstand  the  high  peak  powers 
over  more  than  a  few  hours.  After  that  time  we  observed  a 
strong  increase  in  attenuation  which  previously  has  been  at¬ 
tributed  to  the  generation  of  color  centers. 

With  a  half-wave  plate  before  the  fiber,  the  orientation 
of  the  linear  input  polarization  could  be  rotated  with  respect 
to  the  principal  axes  of  the  fiber.  The  output  polarization 
could  be  changed  by  means  of  a  quarter-wave  plate  and  ro¬ 
tated  for  maximum  transmission  through  the  grating 
compressor  with  an  additional  half-wave  plate.  The 
compressor  assembly,  consisting  of  two  holographic  grat¬ 
ings  with  2400 1/mm,  was  used  in  double-pass  configuration 
producing  a  round  output  beam.  The  gratings  were  used 
near  Littrow  condition  with  44*  and  57*  for  the  incident  and 
the  diffracted  beam,  respectively.  The  reflectivity  for  the  i 


FIG.  I .  Ex  pen  menial  setup  AOM  is  an  acovsio-opttc  modulator.  PD  is  an 
ultrafaai  photodiode,  and  G  and  G.  are  gratinp  with  2 <00  1/  mm. 
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FIG  2.  Autocorrelation  trace  of  the  compressed  pulses  with  a  width  of 
about  5  ps  i  10  scans).  The  calculated  pulse  width  is  3  ps  assuming  sech' 
pulse  shape.  Zero  intensity  is  at  the  bottom  of  the  gnd. 


and p  polarization  was  R,  =  0  65  and  Rf  =0.1  (p  polariza¬ 
tion  is  parallel  to  the  grooves)  resulting  in  a  total  double¬ 
pass  transmission  through  the  grating  pair  of  T,  =0.18  and 
a  negligible  transmission  for  the  orthogonal  polarization. 
For  compressed  pulses  of  high  quality,  the  typical  transmis¬ 
sion  of  the  total  fiber-grating-pair  compressor  was  about 
5%.  This  relatively  low  transmission  can  be  increased  by  a 
factor  of  2-3  by  using  gratings  with  a  higher  reflectivity  and 
by  operating  it  in  single-pass  configuration  with  appropriate 
beam-shaping  optics. 

An  autocorrelation  trace  of  the  compressed  pulses  is 
shown  in  Fig.  2.  Assuming  a  sech;  shape,  the  pulse  width  is  3 
ps  which  corresponds  to  a  compression  factor  of  33.  The 
average  input  power  was  about  1  W  and  the  distance 
between  the  gratings  was  1.88  m.  corresponding  to  a 
compressor  length  of  b  —  3.76  m.  A  fine  adjustment  of  the 
compressor  length  was  not  necessary  because  a  slight  change 
of  the  input  power  was  sufficient  to  match  the  peak  power  in 
the  fiber  to  the  optimal  compressor  length.  The  measured 
average  power  after  the  compressor  was  47  mW  which  cor¬ 
responds  to  a  peak  power  of  about  180  W 

To  generate  pulses  with  low  wings,  as  shown  in  Fig.  2. 
the  orientation  of  the  input  and  output  polarization,  with 
respect  to  the  fiber  axis  and  grating  pair,  was  adjusted  care¬ 
fully  with  the  help  of  the  autocorrelation  signal.  After 
launching  maximum  power  into  the  fiber  and  tuning  the 
half-wave  plate  after  the  fiber  to  maximum  transmission 
through  the  compressor,  rotation  of  the  wave  plate  at  the 
input  and  a  slight  reduction  of  the  input  power  always  result¬ 
ed  in  compressed  pulses  with  more  or  less  pronounced 
wings.  Final  wing  reduction  and  shortest  pulses  were  then 
achieved  by  successively  changing  the  orientation  of  the  in¬ 
put  and  output  half-wave  plate  along  with  the  quarter-wave 
plate.”  Rotation  of  the  input  polarization  by  90*  together 
with  a  readjustment  of  the  wave  plates  after  the  fiber  resulted 
in  the  same  pulse  shape.  At  angles  between  these  two  orien¬ 
tations.  the  compressed  pulses  exhibited  various  pedestals, 
wings,  and  sideiobes  or  the  compression  was  poor. 

In  addition  to  the  wing  clipping  method  described 
above,  we  tried  spectral  windowing. 14  It  was  possible  to  ob¬ 
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FIG.  3  Spectrum  emitted  from  the  liber.  The  average  power  before  the  fiber 
is  \  W  and  the  output  power  is 0.52  W  (0  05  nm  resolution).  A  logarithmic 
plot  of  the  spectrum  after  the  fiber  (different  angle  of  input  polarization), 
illustrating  the  distinct  sideiobes.  is  shown  in  the  inset. 


tain  smooth  Gaussian-shaped  7-ps  pulses  without  wings; 
however,  the  average  power  after  the  compressor  dropped  to 
below  1  mW.  Therefore,  it  seems  not  preferable  to  use  spec¬ 
tral  windowing  in  conjunction  with  nonpolarization  pre¬ 
serving  fibers  exhibiting  nonlinear  birefringence. 

The  spectrum  of  the  pulses  after  transmission  through 
the  fiber  is  shown  in  Fig.  3.  Assuming  bandwidth-limited 
100-ps  Gaussian  pulses  from  the  Kr*  laser,  the  initial 
linewidth  is  0.0074  nm  (FWl/e).  The  measured  width  of 
the  spectrum  was  0.39  nm  corresponding  to  a  spectral  broad¬ 
ening  by  a  factor  of  53.  Additionally,  we  observed  distinct 
sideiobes  in  the  spectrum  (insert  Fig.  3).  Their  formation 
was  dependent  on  the  input  polarization,  and  they  could  be 
produced  repetitively  by  45"  rotations  of  the  half-wave  plate 
before  the  fiber.  The  polarization  of  the  light  in  the  sideiobes 
was  different  from  that  in  the  central  part  of  the  spectrum 
leading  to  their  suppression  in  the  grating-pair  compressor. 
In  a  recent  paper,”  such  sideiobes  were  interpreted  as  opti¬ 
cal  wave  breaking  occurring  in  fibers  which  are  long  enough 
for  group  velocity  dispersion  to  act  on  the  temporal  shape  of 
the  pulse.  Their  generation  in  our  experiment  was  surpris¬ 
ing,  since  the  ratio  z/z,,  was  about  a  factor  of  10  smaller  and 
the  normalized  amplitude  A  larger  by  a  factor  of  1.5  than 
that  used  for  calculations  in  Ref.  15.  A  detailed  analysis 
would  lie  beyond  the  scope  of  this  letter  and  ts  subject  to 
futuie  investigation  In  contrast  to  other  pulse  compression 
experiments  with  long  input  pulses,  we  experienced  no  limi¬ 
tation  by  stimulated  Raman  scattering  which  was  always 
less  than  l^e. 

For  a  companion  of  our  results  with  theory,  we  use  the 
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definitions  given  in  Refs.  3  and  16.  For  0  647^mand  100  ps 
the  normalized  length  is  z,,  =  100  km  (C,  =0.1  m~'  ps:). 
The  maximum  phase  shift  Ad  accumulated  in  a  fiber  is  given 
by  Ad  =  izn./with  k  =  2:r//(andn.  =  3.2  X  10~l4cnr/W, 
z  equals  the  fiber  length,  and  /  is  the  peak  intensity.  This 
phase  shift  is  related  to  the  width  dw  of  the  broadened  spec¬ 
trum  and  the  initial  linewidth  Aw,„  (both  FWl/e)  of  band¬ 
width-limited  Gaussian  pulses  by9  Ad  =  lA6dw/&w,„  and 
can  be  determined  spectroscopically.  Ad  is  related  to  the 
normalized  amplitude  A  from  Ref.  3  by  Ad  =  ir/2  A  'z/z,r 
Hence,  for  z<z„,  the  compression  ratio  can  be  expressed  by 
tjt  =  l  -T-  0.57Ad  and  the  grating  separation  is 
'•  =  0. 13rrC-r  J/2Ad  (C.  =  0.133  for  2400  1/mm  and  a  dif¬ 
fraction  angle  of  57*,  6  is  in  meters  and  i0  is  in  picoseconds ) . 
The  53  times  spectral  broadening  (Ad  =  61.5)  results  in  a 
compression  ratio  of  tji  =  36  and  a  grating  separation  of 
b  =  4.41  m,  which  is  in  agreement  with  the  experiment.  The 
calculation  of  the  grating  separation  and  the  compression 
ratio  with  the  approach  described  above  led  to  more  reliable 
values  than  using  the  normalized  amplitude  A  estimated 
from  the  peak  power  in  the  fiber. 

In  conclusion,  we  have  demonstrated  the  possibility  of 
effectively  compressing  relatively  long  pulses  with  medium 
peak  powers  in  the  visible  spectrum  to  a  few  picoseconds 
using  a  fiber-grating-pair  compressor.  Additionally,  we  have 
demonstrated  the  feasibility  of  a  pulse-reshaping  technique 
based  on  the  nonlinear  birefringence  in  fibers  for  long  input 
pulses.  A  better  peak  power  enhancement  can  be  expected  by 
using  gratings  with  higher  reflectivity  or  by  utilizing  a  single¬ 
pass  configuration  together  with  beam-shaping  optics.  One 
potential  application  of  the  compressed  pulses  is  their  use  as 
a  pump  source  for  optically  pumped  GaAs  multiple  quan¬ 
tum  well  lasers17  which  should  lead  to  the  generation  of  sub¬ 
picosecond  pulses  from  those  lasers. 
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